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Summary 
Biochar is the carbon-rich product obtained when organic material is pyrolyzed, during 
which bioenergy is produced. When applied to soil, biochar is claimed to have positive 
effects on soil properties and processes and carbon could be sequestered. For these reasons, 
biochar production and application to soil is often associated with raising agricultural 
productivity while mitigating climate change. Especially in (tropical) highly weathered 
soils, biochar has shown positive effects on soil properties and crop yields, but it is 
uncertain whether the same positive effects can be obtained in (temperate) more fertile 
soils. Therefore the overarching aim of this PhD research was to get a better understanding 
of biochar effects on soil chemical, physical and biological properties, plant growth, and 
soil greenhouse gas emissions in agricultural northwestern European soils. Lab, pot and 
field experiments have been conducted to gain insight into biochar effects on plant and 
soil.  
15
N tracing lab experiments suggested that in the short term, biochar addition to soil 
stimulated mineralization of more complex SOC, thereby increasing mineral N availability. 
However, in the absence of plants this available N was rapidly, biotically immobilized. 
Furthermore, nitrification rates were increased with biochar addition. In contrast, in the 
longer term, these effects faded, probably due to the transient effects of biochar labile C 
fraction and pH. Moreover, lab experiments have shown that biochar can reduce mineral N 
availability in the short term, likely due to biotic or abiotic N immobilization. It is 
unknown when and to which extent the immobilized N could become available again. 
These experiments also show that biochar can increase soil pH, through which several soil 
processes can be affected, e.g. NH3 volatilization, nitrification and denitrification 
However, bulk soil pH was not always significantly increased by biochar addition. There 
was a trend for a higher increase in soil pH after biochar application in low pH soils while 
at more neutral soil pH, this was not the case as observed in the biochar field trial. It cannot 
be excluded that elevated pH micro-sites close to biochar particles affect soil processes, 
despite biochar having no effect on bulk soil pH. 
In the short term, likely microbial activity and abundance should be altered through 
biochar, as the 
15
N tracing experiments showed that biochar affected soil N cycling in the 
short term. This effect seems to be transient, probably due to a change in biochar  
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properties, as biochar seems to act as an inert substance regarding N cycling in the longer 
term as biochar seems to act as an inert substance regarding N cycling in the longer term. 
This was shown by a 
15
N tracing experiment conducted with soil sampled one year after 
biochar application. 
Furthermore, biochar addition to soil did not influence soil microbiological community 
structure to a large extent in six European North Sea region countries during the first year 
after biochar application, as only certain bacterial biomarker PLFAs were significantly 
affected by biochar addition. It was remarkable that fungal biomarker PLFAs were not 
significantly influenced by biochar addition. 
Biochar addition to soil reduced N2O and NO emissions compared to the control soil after 
urea and NO3
-
 fertilizer application, and NO emissions after NH4
+
 fertilizer application. 
N2O emissions were more decreased at high compared to low pyrolysis temperatures. Also 
reduced NO3
-
  availability after biochar addition was observed. We hypothesize that 
decreased N2O and NO emissions were mediated by multiple interacting phenomena: 
stimulated NH3 emissions, microbial N immobilization, non-electrostatic sorption of NH4
+
 
and NO3
-
, and pH effects.  
Pot trial results showed that biochar can cause short-term reductions in biomass 
production due to reduced NO3
-
  availability. This effect was biochar feedstock and 
pyrolysis temperature dependent. Hence biochar addition might in some cases require 
increased fertilizer N application to avoid crop growth retardation.  
In the field trial, a complex interaction between soil physical parameters, time after 
biochar application and time of tillage operations was observed. Effects on bulk density, 
porosity and soil water retention curves were non-consistent over time, possibly due to 
interaction with tillage operations. Biochar increased soil water content in 2012, although 
mostly not significantly. However, in 2013, when soil water content was overall lower 
compared to during 2012, it was not affected by biochar addition.  
Under field circumstances, biochar addition to soil did not affect spring barley grain or 
straw yield, nor N or P uptake during the first two years after biochar application. In the 
field trial, biochar was applied to soil in autumn, as it was our hypothesis that there could 
be a negative crop response due to reduced N availability when the biochar would be 
applied in spring and a crop would be immediately sown. However, biochar did not affect 
soil mineral N availability, neither immediately after biochar application, nor afterwards.  
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Overall, our results indicate that biochar has mixed effects on soil quality properties in the 
short term, as effects can be positive, negative, and neutral. The field trial results showed 
that in medium term, biochar does hardly affect soil properties. Our study shows relatively 
short-term results, and long-term data are needed to confirm these first results. 
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Samenvatting 
Biochar is het koolstofrijke product dat ontstaat wanneer organisch materiaal 
gepyrolyseerd wordt, waarbij er bio-energie geproduceerd wordt. Wanneer biochar wordt 
toegediend aan de bodem, zou het een positief effect hebben op bodemeigenschappen en 
processen, terwijl koolstof kan worden opgeslagen. Daarom wordt biocharproductie en 
toediening aan de bodem vaak geassocieerd met het verhogen van productiviteit van de 
landbouw met als bijkomend voordeel dat klimaatsverandering gemitigeerd wordt. Vooral 
in (tropische) sterk verweerde bodems is er bewijs dat biochar een positief effect heeft op 
bodemeigenschappen en gewasopbrengst, maar het is momenteel onzeker of diezelfde 
positieve effecten kunnen bekomen worden in (gematigde) meer vruchtbare bodems. Het 
doel van dit PhD onderzoek is daarom om meer inzicht te verwerven in het effect van 
biochar op bodemchemische, -fysische en –biologische eigenschappen, gewasgroei, en 
broeikasgasemissies uit de bodem in noordwestelijke Europese landbouwbodems. Labo-, 
pot- en veldexperimenten werden uitgevoerd om een beter inzicht te verkrijgen in de 
effecten van biochar op bodem en gewas. 
15
N tracing labo-experimenten tonen aan dat biochartoediening aan de bodem 
mineralisatie van meer complexe bodemorganische koolstof stimuleert op korte termijn, 
waarbij de beschikbaarheid van minerale N toeneemt. Echter, in afwezigheid van een 
gewas werd deze beschikbare N weer snel biotisch geïmmobiliseerd. Daarnaast namen 
nitrificatiesnelheden toe na biochartoediening. Op langere termijn verdwenen deze 
effecten, waarschijnlijk omwille van de voorbijgaande effecten van de labiele 
koolstoffractie en pH van biochar. Verder tonen labo-experimenten aan dat biochar de 
beschikbaarheid van minerale N op korte termijn kan reduceren, waarschijnlijk omwille 
van biotische of abiotische N immobilisatie. Het is niet geweten wanneer en in welke mate 
deze geïmmobiliseerde N weer beschikbaar zou worden. Deze experimenten tonen verder 
ook aan dat biochar de bodem pH kan doen toenemen, waardoor verschillende 
bodemprocessen kunnen worden beïnvloed, zoals NH3 vervluchtiging, nitrificatie en 
denitrificatie. Echter, de bulk bodem pH nam niet altijd significant toe na 
biochartoediening. Er werd een hogere toename in bodem pH vastgesteld na 
biochartoediening aan lage pH bodems terwijl bij meer neutrale bodem pH dit niet altijd 
het geval was, zoals waargenomen in de biochar veldproef. Het kan echter niet uitgesloten 
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worden dat verhoogde pH micro-sites dichtbij de biochar partikels bodemprocessen 
beïnvloeden, ook wanneer er geen effect is op de bulk pH. 
Op korte termijn lijkt het waarschijnlijk dat microbiële activiteit en voorkomen gewijzigd 
worden door biochar, vermits de 
15
N tracing experimenten erop wijzen dat de bodem N 
cyclus vlak na biochartoediening verandert. Dit effect lijkt echter van voorbijgaande aard, 
wat waarschijnlijk te wijten is aan de veranderende biochareigenschappen doorheen de tijd, 
vermits biochar geen grote invloed heeft op de N cyclus op langere termijn zoals 
aangetoond in een 
15
N-tracing experiment met bodem die bemonsterd werd één jaar na 
biochartoediening. De microbiële gemeenschapsstructuur in de bodem werd slechts in 
beperkte mate gewijzigd in zes Europese Noordzee regio landen gedurende het eerste jaar 
na biochartoediening, vermits slechts enkele bacteriële biomarker PLFAs significant 
werden beïnvloed. Opmerkelijk was dat schimmel biomarker PLFAs niet significant 
beïnvloed werden door biochar. 
Biochartoediening aan de bodem reduceerde N2O en NO emissies in vergelijking met de 
controlebodem na ureum en NO3
-
 bemesting, en NO emissies na NH4
+
 bemesting. De 
daling in N2O emissies was hoger bij hoge pyrolysetemperaturen. Verder werd ook een 
lagere NO3
- 
beschikbaarheid vastgesteld na biochartoediening in vergelijking met de 
controle. Wij veronderstellen dat de lagere N2O en NO emissies te wijten zijn aan een 
combinatie van factoren: gestimuleerde NH3 emissies, microbiële N immobilisatie, niet-
electrostatische sorptie van NH4
+ 
en
 
NO3
-
, en pH effecten. 
De resultaten van de potproeven tonen aan dat biochartoediening aan de bodem 
biomassaproductie kan reduceren omwille van een lagere NO3
-
 beschikbaarheid in de 
bodem. Dit effect is afhankelijk van de biomassa gebruikt voor biocharproductie en de 
pyrolysetemperatuur. Na biochartoediening zou een verhoogde bemestingsdosis dus nodig 
kunnen zijn om vertraagde gewasgroei te vermijden. 
In de veldproef werd een complexe interactie tussen bodemfysische eigenschappen, 
tijdstip na biochartoediening en tijdstip van de veldbewerkingen vastgesteld. De effecten 
van biochar op bulkdichtheid, porositeit en bodemwaterretentiecurves waren niet 
consistent doorheen de tijd, waarschijnlijk omwille van interactie met de bewerkingen op 
het veld. In 2012 nam het bodemvochtgehalte toe na biochartoediening, hoewel meestal 
niet significant. In 2013, toen het bodemvochtgehalte in het algemeen lager was dan in 
2012, werd het niet beïnvloed door biochartoediening. 
  Samenvatting 
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Tijdens de eerste twee jaren van de veldproef had biochar geen effect op graan- en stro-
opbrengst, noch op N of P opname in het gewas. De biochar werd toegediend in het najaar, 
omdat onze uitgangshypothese was dat biochar de gewasopbrengst negatief zou kunnen 
beïnvloeden door een lagere N beschikbaarheid wanneer de biochar zou worden 
toegediend in de lente en er onmiddellijk een gewas zou gezaaid worden. Echter, biochar 
had geen effect op de minerale N beschikbaarheid in de bodem, niet onmiddellijk na 
biochartoediening, noch later. 
Onze resultaten wijzen erop dat biochar gemengde effecten heeft op bodemkwaliteit op 
korte termijn, vermits de effecten van biochar positief, negatief of neutraal kunnen zijn. De 
veldproefresultaten tonen aan dat biochar geen groot effect heeft op de 
bodemeigenschappen op middellange termijn. Het moet echter worden opgemerkt dat onze 
studie relatief korte termijn resultaten toont, en dat langere termijn data nodig zijn om de 
eerste resultaten bevestigen. 
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CHAPTER 1 
Introduction 
Biochar is often proposed to provide a win-win-win scenario, as biochar application to soil 
would (i) increase soil quality and consequently crop yield (Lehmann, 2007; Jeffery et al., 
2011), (ii) sequester carbon (Laird, 2008), and (iii) bioenergy could be produced during 
biochar production (Laird, 2008). However, most biochar research has been mainly 
conducted in tropical regions, and, despite the growing number of studies in temperate 
regions, the claimed positive effects are still uncertain for northwestern European soils, 
which are often already fertile. In this introductory chapter, first the concept and the 
possible benefits of biochar will be explained (1.1), after which the origin of interest into 
biochar will be elucidated (1.2). The reasons for interest in biochar in Flanders are 
illustrated (1.3), and uncertainties related to biochar are identified (1.4). This introduction 
ends with an overview of the research aims and an outline of the thesis (1.5).  
 
1.1 What is biochar? 
Biochar is the carbon-rich product obtained when organic material is pyrolyzed, which 
implies thermal decomposition under limited supply of oxygen at relatively low 
temperatures (< 700°C) (Lehmann and Joseph, 2009). It is generally considered for 
application to soil, with the aim to improve soil functioning and increase carbon 
sequestration. Biochar comprises mainly stable aromatic forms of organic carbon, which is 
a common characteristic of char in general. Therefore, it cannot readily be returned to the 
atmosphere as CO2 even under favorable environmental and biological conditions, such as 
those that may prevail in the soil (Sohi et al., 2010).  
 
1.2 Where does the interest in biochar come from? 
1.2.1 Terra Preta 
The interest in biochar arose from the so-called ‘Terra Preta’ soils (Figure 1.1). These are 
highly sustainable fertile soils occurring in patches averaging 20 ha in central Amazonia. 
These soils are richer in soil organic matter and nutrient concentrations, and have a better 
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nutrient retention capacity than the surrounding infertile Ferralsols. Terra Preta soils are of 
pre-Columbian origin, as they were formed according to radiocarbon dating between 7000 
and 500 years BP. It is unknown whether these soils were made intentionally or resulted as 
a by-product of human occupation (Glaser, 2007). However, human activity at that time 
has resulted in the accumulation of plant and animal residues, ash, charcoal and various 
chemical elements such as P, Mg, Ca, Cu and Zn (Novotny et al., 2009). These high 
amounts of charcoal and nutrient contents have resulted into high sustainable soil fertility 
and crop production potential compared to surrounding Ferralsols. Also in other countries, 
soils similar to Terra Preta have been documented, a.o. in Ecuador, Peru, Benin and 
Liberia (Sohi et al., 2010). The formation of new Terra Preta sites has been suggested to 
help secure food production of a fast growing population, especially in the humid tropics, 
where infertile soils predominate (Glaser, 2007). Applying biochar to soil has been shown 
to improve soil structure and fertility, thereby improving biomass production (Lehmann, 
2007). Due to the  porous structure of biochar, high surface area and affinity for charged 
particles, interaction occurs between biochar and physical and biological soil components 
(Biederman and Harpole, 2013). This can result in enhanced water and nutrient retention 
and a change in soil microbial community structure and activity, which are the main 
mechanisms hypothesized for the potential to improve soil properties and functions 
relevant to agronomic and environmental performance after biochar application to soil 
(Jeffery et al., 2011).  
     
Figure 1.1 Terra Preta soil (left) and nearby Ferralsol (right) in Manaus, Brazil. 
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1.2.2 Climate change 
Global climate change and the search for alternatives to fossil fuels  are major social, 
political, and economic challenges. It is unlikely that one single solution will be found to 
meet these challenges. However, an integrated biomass waste-bioenergy system could 
possibly make a significant contribution to the solution, meanwhile having the benefits of 
improving soil quality. During pyrolysis of biomass, bio-oil, syngas and char are produced 
(Laird, 2008). Char is also a potential energy product, but could alternatively be applied to 
soil. The feedstock used for biochar production should be biomass waste materials, in 
order to create no competition for land with any other land uses. Examples are crop 
residues, forestry waste and animal manure (IBI, 2013a). As carbon is withdrawn from the 
atmosphere and sequestered for hundreds or even thousands of years, and as meanwhile 
bioenergy is produced (Figure 1.2), biochar could be part of a solution to combat climate 
change while reducing the use of fossil-fuel energy. If biochar could sequester carbon 
while improving soil quality and increase crop yields, this would distinguish it from costly 
geo-engineering measures to mitigate climate change (Sohi, 2012). 
                     
Figure 1.2 Left: Green plants remove CO2 from the atmosphere via photosynthesis and convert it 
into biomass. Virtually all of that carbon is returned to the atmosphere when plants die and decay, 
or immediately if the biomass is burned as a renewable substitute for fossil fuels. Right: Green 
plants remove CO2 from the atmosphere via photosynthesis and convert it into biomass. Up to half 
of that carbon is removed and sequestered as biochar, while the other half is converted to 
renewable energy co-products before being returned to the atmosphere (Source: Biochar Solutions 
Inc., 2011). 
 
Except for carbon sequestration and reducing fossil fuel use, biochar could possibly reduce 
soil greenhouse gas emissions. Both nitrous oxide (N2O) and nitrogen oxide (NOx) 
emissions have been increased since pre-industrial times through human activities like 
fertilizer application and fossil fuel combustion (Smith et al., 2007). Nitrous oxide is a 
powerful greenhouse gas, which has been calculated to have 298 times the global warming 
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potential of carbon dioxide (CO2) over a 100-year period (Forster et al., 2007). In contrast, 
NOx, which is mainly emitted as nitric oxide (NO), do not directly affect the earth's 
radiative balance, but they catalyze tropospheric ozone (O3), which is in turn a greenhouse 
gas. Agricultural and natural ecosystems are important N2O and NOx sources, as 
nitrification and denitrification are principal sources of NO and N2O emissions in soils 
(Hutchinson and Davidson, 1993; Ehhalt et al., 2001). Agriculture contributes about 58% 
of the total anthropogenic emissions of N2O, and this amount is estimated to increase by 
35-60% by 2030 due to increased nitrogen (N) fertilizer use and increased animal manure 
production (Smith et al., 2007). The major source (> 60%) of global tropospheric NOx 
emissions is fossil fuel combustion, while soil emissions amount about 10% (Ehhalt et al., 
2001). Biochar has been shown in several laboratory studies to reduce N2O emissions 
under certain conditions (e.g. Van Zwieten et al., 2010a; Stewart et al., 2012), although 
other studies show no effect or increased N2O emissions (e.g. Cheng et al., 2012; Clough et 
al., 2010) with biochar application. Also field experiments show mixed results (Castaldi et 
al., 2011; Taghizadeh-Toosi et al., 2011; Zhang et al., 2012), corroborating the complex 
interaction between the effects of biochar and weather conditions, fertilizer and biochar 
dose.  
Methane (CH4) is a greenhouse gas, which has been calculated to have 23 times the global 
warming potential of carbon dioxide (CO2) over a 100-year period (Forster et al., 2007). 
Globally, agricultural CH4 emissions increased by 17% from 1990 to 2005 (Smith et al., 
2007). Rice fields are responsible for a significant fraction of the global CH4 emissions, as 
they contribute 8-18% of the global CH4 emissions (Forster et al., 2007). Methane 
emissions from paddy soils have been shown to decrease after biochar application (Liu et 
al., 2011).  
Agriculture will have to adapt to climate change. According to the IPCC Third Assessment 
Report (Alcamo et al., 2007), climate modeling results show an increase in annual 
temperature in Europe of 0.1 to 0.4°C per decade over the 21
st
 century. Precipitation in the 
north is predicted to increase and in the south to decrease, and it is likely that the 
seasonality of precipitation will change and the frequency of intense precipitation events 
will increase, especially in winter. Moreover, it is very likely that the intensity and 
frequency of summer heat waves will increase throughout Europe. Short-term adaptation 
of agriculture may include changes in crop species, cultivars and sowing dates, whereas 
feasible long-term adaptation measures may include changing the allocation of agricultural 
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land according to its changing suitability under climate change (Alcamo et al., 2007). Also 
biochar could be part of a long-term adaptation strategy. As biochar could affect soil 
physical properties like soil structure, porosity, particle density and water storage capacity 
(Atkinson et al., 2010), soil to which biochar has been added has the potential to retain 
more water during periods of drought. 
Altogether, (i) biochar could contribute to a solution for the climate change problem 
through carbon sequestration, reducing the use of fossil fuel through displacing it (as 
during biochar production also bio-energy is produced) and reducing soil greenhouse gas 
emissions, (ii) biochar could be part of a climate change adaptation strategy through 
increasing soil physical quality and consequently soil water holding capacity and (iii) 
biochar could increase soil quality and crop yield, and decrease nutrient leaching through 
increased water and nutrient retention (Verheijen et al., 2010) (Figure 1.3). For these 
reasons, interest in biochar is growing among scientists and policy makers worldwide, and 
biochar research has expanded the last couple of years, first in tropical regions, nowadays 
also in temperate regions, although it is uncertain whether the same beneficial effects can 
be obtained in temperate soils as in tropical soil types.  
 
Figure 1.3 Potential soil and atmospheric benefits of biochar (Source: Red Garner).  
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1.2.3 Biochar and international climate policy 
With support from the United Nations Convention to Combat Desertification (UNCCD), 
the International Biochar Initiative (IBI, an organization ‘promoting the development of 
biochar systems that follow Cradle to Cradle sustainability guidelines’) tried but did not 
manage to include biochar as an example of a mitigation option within the agricultural 
sector in the ‘Negotiating Text for the Ad Hoc Working Group on Long-Term Cooperative 
Action Under the Convention (AWG-LCA)’, which was negotiated during the United 
Nations Framework Convention on Climate Change (UNFCCC) in December 2009 in 
Copenhagen. Similarly one year later in November 2010, during the UNFCCC in Cancun, 
biochar was not included in the text deliberated, although the IBI hosted a side event in 
order to continue highlighting the potential role of sustainable biochar systems in 
combating climate change and benefiting the health and productivity of the world’s soils. 
Today, the potential inclusion of biochar as a climate mitigation and adaptation technology 
within the UNFCCC remains uncertain and biochar is currently ineligible for carbon 
offsets under any carbon trading mechanism (Ernsting, 2013; IBI, 2013b). 
 
1.3 Biochar in temperate regions like Flanders 
Because of its potential to improve soil quality, to reduce nutrient leaching and to sequester 
carbon, interest in biochar is growing not only in tropical but also in temperate regions. 
Since the early 1990’s, organic carbon content has been continuously decreasing in 
Belgian agricultural soils. The decreasing trend is explained by a combination of factors, 
among which an increasing plowing depth, less plowing in of crop residues and a strict 
Manure Decree (Maes et al., 2012). Soil organic carbon content is closely linked to soil 
quality, as it has an important effect on soil physical, chemical, and biological parameters, 
and thus also on crop growth (Weil and Magdoff, 2004). Innovative solutions will be 
needed to raise the soil organic carbon content to a higher level in Belgian agricultural 
soils. Furthermore, nitrate and phosphorus leaching losses need to be reduced in Flemish 
agricultural soils in order to improve surface and groundwater quality. Biochar could 
reduce nutrient leaching (Laird, 2008), but can contain itself considerable amounts of N 
and P. However, there is a big range in biochar N and P contents. For example, the biochar 
types summarized by Chan and Xu (2009) show total N and P contents ranging from 0.2 to 
7.8% and 0.2 to 7.3%, respectively. This high variability is due to the range in feedstock 
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materials used and pyrolysis conditions under which the biochars were produced. 
However, bioavailable nutrient content is more relevant to plant and microbial growth. 
Little N has been shown to be released from biochar, which can been attributed to the 
minor amounts of N present as well as to the formation of heterocyclic N compounds 
which cannot be easily solubilized. Available P has shown a much larger variability 
(Knicker, 2010; Mukherjee and Zimmerman, 2013). Besides reduced nutrient leaching, 
biochar could also adsorb agricultural chemicals, thereby reducing leaching to surface and 
groundwater (Laird, 2008). Overall, biochar may provide a solution to increase soil fertility 
and water quality in a sustainable manner, while mitigating climate change.   
However, as mentioned above, it is uncertain whether the same beneficial effects can be 
obtained in temperate soils as in tropical soil types. Most research has been conducted in 
(sub)tropical soils, which generally are highly weathered and low in pH. A meta-analysis 
by Jeffery et al. (2011) revealed an on average small (ca. 10%), but statistically significant 
increase in crop productivity with biochar application in tropical and subtropical regions. 
Only one study from a temperate region (New Zealand) was included in their meta-
analysis, showing the need for more research in temperate regions. Nowadays, biochar 
research is emerging throughout these regions, including lab, pot and field studies (e.g. 
Bruun et al. 2012; Kammann et al. 2011; Jones et al. 2012). This is also reflected in the 
meta-analysis from Biederman and Harpole (2013), which included several studies from 
temperate regions. Their study confirmed an overall positive effect of biochar application 
on aboveground plant production and yield, but the authors simultaneously stressed the 
importance of feedstock source and pyrolysis settings on the effect size of biochar 
treatments. European biochar field trials show contrasting results. Jones et al. (2012) did 
not find an effect on growth performance of maize the first year after biochar application in 
a Welsh field trial. In contrast, in the second year, foliar N content of a grass crop was 
increased after biochar addition, while no effect on dry matter yield was observed. In the 
third year, a significant increase in dry grass biomass production was observed with 
biochar addition, while there was no effect on foliar or grain N content. Vaccari et al. 
(2011) observed already in the first year after biochar application (30 and 60 t ha
-1
) an 
increased aboveground wheat biomass and grain yield in an Italian field trial, while no 
effect on N concentration was observed. These effects were confirmed in the second year. 
Also Baronti et al. (2010) observed increased aboveground wheat biomass but no effect on 
grain biomass the first year after biochar application in another Italian field trial. The study 
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from Hammond et al. (2013), in which seven field trials in the UK are discussed, shows 
that in most cases, no significant effect from biochar addition on crop yield was observed, 
although in one trial the spring barley yield had doubled in the first year after applying 
biochar at a dose of 10 or 30 t ha
-1
. However, another trial showed a significant negative 
effect of biochar on spinach yield. These results show a changing effect over time, a 
complex interaction between biochar, soil and crop, and indicate that it is difficult to 
extrapolate results from one biochar-soil-crop combination. More research is thus needed 
in these regions in order to better understand biochar effects on crop and soil. 
 
1.4 Biochar uncertainties 
Despite the promising results from certain studies, large-scale application of biochar to soil 
would not be without a risk as there is currently a high degree of uncertainty surrounding 
biochar effects on crop and soil. Short-term effects of biochar in temperate regions are 
poorly understood, and longer-term results are even lacking. However, long-term effects of 
biochar are important as they are expected to differ from the short-term ones due to a 
change in biochar properties over time. For example, in the short term biochar has been 
shown to reduce N availability, but it is uncertain what would happen to this immobilized 
N in the longer term. The same is valid for sorption of pesticides. In the short term, less 
pesticides could be leached, but this could reduce the efficacy of the pesticides applied 
through which higher doses of pesticides would be needed or in the worst case, biochar 
may render pesticides ineffective (Graber et al., 2012). And what happens in the long term 
to these sorbed pesticides? 
Furthermore, biochar properties depend on the feedstock used and the production 
conditions, resulting in a huge diversity of biochar types. This diversity complicates 
biochar research, as extrapolating results obtained when using a given biochar type is 
difficult. Moreover, biochar quality needs to be ensured, as biochar could contain heavy 
metals and during pyrolysis polycyclic aromatic hydrocarbons could be produced. In order 
to ensure biochar quality and to guarantee sustainable biochar production in order to avoid 
for example deforestation or land-grabbing for monoculture plantations (EBC, 2013; 
Ernsting, 2013), recently biochar certificates have been developed (European Biochar 
Certificate and IBI Biochar Certification Programme). 
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Estimating biochar production costs is highly uncertain (Shackley et al., 2011). It is thus 
questionable whether biochar production and application would be economically feasible. 
According to the study from Galinato et al. (2011), that focuses on using biochar as a soil 
improver because of its liming value and for carbon sequestration benefits, biochar 
application to soil could be economically feasible in case (i) a carbon market exists that 
recognizes the avoided emissions (through using biochar instead of agricultural lime) and 
carbon sequestration through biochar application and (ii) the market price of biochar is low 
enough so that a farmer would earn profit through offsetting CO2 after applying biochar. 
However, today commercially available biochar is expensive (for example, 5 ton of 
biochar produced by Swiss Biochar costs 3449 CHF (2786 €), which corresponds to 557 € 
t
-1
) and biochar is currently not included in a carbon trading system like the EU emissions 
trading system (EU ETS), in which the price of a ton CO2 had dropped below 5 € in 
February 2013 (Figure 1.4). At the 16
th
 of September 2013, the price per ton CO2 was 
5.48€ (Thomson Reuters Point Carbon). 
 
 
Figure 1.4 The price of carbon allowances (per ton CO2) in the EU emission trading system 
(Source: Thomson Reuters Point Carbon and http://cen.acs.org/). 
 
 
1.5 Aims and outline of the thesis 
1.5.1 General objectives 
This thesis aims at a better understanding of biochar effects on soil chemical (Chapters 3, 
4, 7, 8), physical (Chapters 5, 8) and biological properties (Chapter 8), crop growth 
(Chapter 7, 8), and on soil N2O and NO emissions (Chapter 6) in temperate regions like 
Flanders (Figure 1.5). Special attention has been paid to biochar and soil nitrogen cycling, 
as the effect of biochar on soil nitrogen is believed to be an important factor determining 
its effect on crop growth.  
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1.5.2 Specific objectives: Research questions and hypotheses 
Do various biochar types show different effects on crop and soil? The main characteristics 
of biochar are described in Chapter 2. Differences in soil and crop response upon biochar 
addition between various biochar types are related to its properties. 
Does biochar influence gross N transformations in the soil? The effect of biochar on the N 
cycle is dealt with in Chapters 3 and 4. In order to study the effect of bicohar on gross N 
transformations, three 
15
N tracing experiments were conducted. Using a numerical 
15
N 
tracing analysis tool, more insight was gained into the effect of biochar on gross N 
mineralization, immobilization and nitrification rates. Two short-term experiments were 
carried out: the first with two biochar types produced from silage maize at 350°C and 
550°C, the second with a woody biochar type. Through using soil from the biochar field 
trial (Chapter 8) we were able to investigate the effect of biochar on N cycling in the 
longer term.  
Hypothesis 1: Biochar application to soil would accelerate N cycling and this effect would 
persist through time. 
 
Does biochar increase soil water content, and is this water plant available? Chapter 5 
deals with biochar and soil physical properties. By means of a lab experiment, the effect of 
biochar on the soil water retention curve and derived physical soil quality parameters is 
investigated.  
Hypothesis 2: Biochar addition to soil (i) decreases soil bulk density and increases 
porosity, (ii) improves plant available water capacity and (iii) improves soil quality as 
expressed in terms of indicators derived from the soil water retention curves. 
 
Does biochar decrease soil greenhouse gas emissions? In Chapter 6, the effect of biochar 
on soil N2O and NO emissions is studied by means of an incubation experiment, in which 
several biochar and fertilizer types were used. We tried to unravel the mechanism behind 
the observed emission reductions by discussing all possible mechanisms in detail. This 
chapter also includes a literature overview of studies about biochar and N2O.  
Hypothesis 3: Biochar addition to soil reduces both N2O and NO emissions. 
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Does biochar affect soil chemical, physical and biological parameters, and does it increase 
nutrient use efficiency and crop yield? This question is dealt with in Chapters 7 and 8. A 
combination of an incubation experiment and pot trial gives insight into the effect of 
biochar on soil chemical properties and the consequences for crop yield in the short term 
(Chapter 7). Both short- and longer-term effects of biochar are investigated by means of a 
biochar field trial, in which chemical, physical and biological soil properties and crop 
growth were studied (Chapter 8).  
Hypothesis 4: Biochar addition to soil (i) reduces soil mineral N availability in the short 
term, (ii) improves soil physical quality through decreasing soil bulk density and 
increasing porosity, (iii) increases volumetric soil water content, especially during dry 
periods, (iv) changes soil microbial community structure, and (v) increases crop growth in 
the longer term. 
 
In the final Chapter 9, results are summarized and general conclusions are drawn. Does 
biochar have a future in temperate regions like Flanders? Does it increase soil quality while 
combating climate change? These are the questions that will be tried to answer. In addition, 
general recommendations for future research will be outlined.  
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Figure 1.5 Thesis outline. 
Effects of biochar on soil processes, soil functions and crop growth
Chapter 2: Biochar characterisation
Chapter 3: Maize biochars accelerate short-term soil nitrogen dynamics in a loamy sand soil
Chapter 4: Temporal evolution of biochar’s impact on soil nitrogen processes under field conditions – a 15N 
tracing study
II. Effects of biochar on soil physical properties
III. Effects of biochar on soil greenhouse gas emissions
IV. Effects of biochar on soil and crop response
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I. Effects of biochar on soil nitrogen cycling Short + longer term
Chapter 5: The effect of different biochar types on physical properties of two soils under laboratory conditions
Chapter 6: Effect of different biochar and fertilizer types on N2O and NO emissions
Chapter 7: Short-term effect of feedstock and pyrolysis temperature on biochar characteristics, soil and crop 
response in temperate soils
Chapter 8: The impact of a woody biochar on soil properties and crop growth in a Belgian field trial
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CHAPTER 2 
2 Biochar characterization 
2.1 Introduction 
Biochar can be produced by various thermal processes including slow and fast pyrolysis, 
and gasification. Each type of process is distinguished by different ranges of temperatures, 
heating rates, biomass and vapour residence times. Given this variability in pyrolysis 
processes and their accompanying process conditions, in combination with a wide range of 
available biomass feedstocks for biochar production, physicochemical biochar properties 
are expected to be highly diverse. Consequently, a large variability is also expected in the  
performance of biochar as a soil amendment and/or in their ability to store carbon 
permanently in the soil (Ronsse et al., 2013). Recently two biochar certificates have been 
developed: IBI Biochar Standards and the European Biochar Certificate (EBC). The first is 
intended to establish a common definition for biochar and testing and measurement 
methods for selected physicochemical biochar properties (IBI, 2013c). The goal of the 
EBC is to ensure control of biochar production and quality based on well-researched, 
economically viable and practically applicable processes (Schmidt et al., 2013). The IBI 
Biochar Standards identifies three categories of tests for biochar materials: (i) Basic utility 
properties, among which moisture, organic carbon, ash, nitrogen and pH, (ii) Toxicant 
reporting, among which germination tests and PAH (polycyclic aromatic hydrocarbon) 
content, and (iii) Advanced analysis and soil enhancement properties, among which 
mineral N and volatile matter. Biochar properties defined by the EBC include among 
others carbon content, black-carbon content, molar H:Corg and O:Corg, pH, PAH content. It 
has to be noted that these quality parameters alone do not warrant the agronomic benefits 
of biochar by themselves, as soil type and climate properties also determine the net effect 
of biochar use (Ronsse et al., 2013). 
In this thesis, a range of biochar types is used to investigate the effect of biochar on soil 
properties and processes and crop growth. The main characteristics of biochar are 
described in this chapter and will be referred to in the Chapters 3 to 9. In these chapters, we 
try to relate differences in soil and crop response upon biochar addition between various 
biochar types to their properties. 
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2.2 Materials and methods 
Table 2.1 gives an overview of the biochar feedstock, pyrolysis temperature, time at 
treatment temperature, total residence time in the reactor and suppliers of the 11 biochars 
used in the different chapters of this thesis, which were all produced by slow pyrolysis. 
The willow and pine biochar types were produced in a batch pyrolysis unit at the UK 
Biochar Research Centre (University of Edinburgh) from willow and Scots pine at three 
different treatment temperatures (450°C, 550°C and 650°C). Each of the production 
operations ran from ambient up to the desired treatment temperature. Once the desired 
treatment temperature was obtained, this was sustained until the flammable and visible gas 
flow from the non-condensable fractions had ceased. The residence time was recorded for 
the total duration of each operation and for the length of time held at each desired 
treatment temperature (Table 2.1). In between the changeover of feedstock a steam clean 
of the entire equipment took place to minimize contamination. The two maize biochars 
were produced in a horizontal screw reactor at ECN (the Netherlands) from maize that was 
ensilaged during 7 months. The ‘wood mixture’ biochar was produced during slow 
pyrolysis from hard- and softwood, including spruce, silver fir, Scots pine, beech and oak, 
and has been used for the biochar field trial (Chapter 8). No extra information was 
available for the other biochar types (beech, cane).  
Moisture content (mass of water : mass of dry biochar) was determined by oven-drying (24 
h at 105°C). Total CHN contents were determined using an organic elemental analyzer 
(FLASH 2000, Thermo Scientific, US). Proximate analyses were performed according to 
ASTM D1762-84 (2007). In brief, a biochar sample of approximately 1 g was heated in 
porcelain crucibles and the sample weight difference before and after heating was 
determined. For ash content, samples were heated to 750 °C for a minimum of 7 hours 
(uncovered crucible) and for volatile matter determination to 950 °C for 9 min (covered 
crucible; thus in the absence of oxygen). Total CHN contents and proximate analyses were 
conducted at the Department of Biosystems Engineering, Faculty of Bioscience 
Engineering, Ghent University. Biochar pH was measured in a 1 M KCl solution (1:5 v:v) 
(ISO 10390). Mineral N content was extracted (1:5 w:v) in a 1 M KCl solution (ISO 
14256-2) and measured using a continuous flow analyzer (FIAstar 5000, Foss, Denmark). 
The cation exchange capacities (CEC) were measured according to Chapman (1965) after 
saturation with a 1 M NH4
+
-acetate solution (pH 7, biochar-solution ratio of 1:50 (w:v) 
instead of the proposed ratio of 1:5) and extraction with 1 M KCl. The biochar-solution 
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ratio had been changed due to the lower bulk density of biochar compared to soil. For all 
analyses, the number of replicates was two, except for CEC (n = 1).  
For the willow, pine, maize and wood mixture biochars, biochar labile C fraction was 
determined by assessing the C mineralization of the biochar over time. Therefore a 
microbial inoculum was added to 20 g sulphuric acid-washed sand mixed with 1 g of 
biochar (sieved at 1 – 5 mm) (and a control containing only sand) in a 200 ml glass 
penicillin bottle, with three replicates per treatment. The microbial inoculums were 
extracted from a deciduous forest soil, located close to the Institute for Agricultural and 
Fisheries Research (ILVO). To make the inoculum, 200 g of top soil (0 - 5 cm) was mixed 
with 400 ml sterile phosphate buffered saline (PBS) and shaken for 30 minutes at 150 rpm. 
The mixture was then sieved (< 1 mm), after which the sieved solution was poured into 
445 ml centrifuge tubes. After centrifugation for 5 minutes at 2000 g, the supernatant was 
first filtered at 250 µm, second at 30 µm and last through a 12 µm filter. The filtrate was 
then poured into 225 ml centrifuge tubes and centrifuged for 15 minutes at 4000 g, after 
which the supernatant was discarded. The obtained pellet was suspended into 1.29 ml PBS 
and added to the bottles, together with 2 ml of a nutrient solution, containing 4 mM 
NH4NO3, 4 mM CaCl2, 2 mM KH2PO4, 1 mM K2SO4, 1 mM MgSO4, 25 µM MnSO4, 2 
µM ZnSO4, 0.5 µM CuSO4 and 0.5 µM Na2MoO4 as used by Cheng et al (2006). Moisture 
content was adjusted to 70% of field capacity as measured at gravity-drained equilibrium 
using distilled water. Field capacity of the sand and sand-biochar mixtures had been 
determined by water-saturating and subsequent draining of these mixtures during 16 hours. 
In order to measure the microbial respiration, the penicillin bottles were closed using 
rubber septa, incubated at 20°C, and O2 and CO2 concentrations of the headspace were 
measured over time. For the experiment in which the willow and pine biochars were 
included, headspace O2 and CO2 concentrations were measured at days 0, 1, 2, 3, 6, 9, 13, 
16, 20, 27, 34, 45, 64, 87, 111, 140, 199, 254 and 357 after closing the bottles using a gas 
chromatograph (Finnigan Trace GC Ultra, Thermo Scientific, US) equipped with a thermal 
conductivity detector (TCD). When the O2 concentration in the bottles dropped below 
15%, the bottles were opened and ventilated before a new septum was placed. The 
experiment was repeated for the maize and wood mixture biochars, but the time scheme of 
the measurements differed: CO2 concentrations of the headspace were measured at days 0, 
1, 3, 6, 10, 16, 30, 65,171, 264 and 381 after closing the bottles. The C mineralized from 
the biochar was calculated by subtracting the CO2-C concentrations measured in the 
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control treatment from the CO2-C concentrations measured in the biochar treatments. The 
experiment with the willow and pine biochars was stopped after 357 days, as then the 
amount of CO2-C produced was similar in the biochar as in the control treatments, 
indicating that all labile biochar C had been mineralized. The cumulative mineralized 
biochar C curves were fitted using a first order growth model: 
   C(t) = Cmax  (1 - e
-kt
)                                                       (1) 
where C(t) is the amount of cumulative mineralized biochar C as measured at time (t), Cmax 
is the maximum of the growth function, which corresponds to the labile C fraction, and k is 
the mineralization rate constant.  
At 381 days after starting the experiment with the maize and wood mixture biochars, the 
experiment was stopped due to time constraint, although the flattening of the curve as 
observed for the willow and pine biochars was not reached yet. 
For each biochar characteristic, a one-way ANOVA including factor biochar type was 
conducted with the biochar characteristic as dependent variable. Treatment means were 
compared using a post-hoc Scheffé-test. As not all biochar characteristics were normally 
distributed, non-parametrical correlation analyses (Spearman’s rho) were carried out  
between the biochar characteristics. For all statistical analyses, SPSS 20.0 (IBM Corp., 
Armonk, NY) was used. 
Table 2.1 Biochar feedstock, production conditions and suppliers. It is indicated which biochars 
are used in which chapters. 
 
NDA = no data available. The wood mixture biochar has been produced by slow pyrolysis, but no exact 
information is known about the time in the pyrolysis reactor. 
 
2.3 Results and discussion 
Table 2.2 shows the physico-chemical biochar properties. The willow and pine biochars 
showed higher carbon (C) contents (78.4% - 92.6%) compared to the maize, beech, cane 
Feedstock
Pyrolysis 
temperature
Time at treatment 
temperature
Total time in reactor Supplier
°C min
Willow 450 29 89 UK Biochar Research Centre (UK) 5, 6, 7
Willow 550 23 100 UK Biochar Research Centre (UK) 5, 7
Willow 650 28 118 UK Biochar Research Centre (UK) 5, 6, 7
Pine 450 88 151 UK Biochar Research Centre (UK) 5, 6, 7
Pine 550 60 159 UK Biochar Research Centre (UK) 5, 7
Pine 650 33 148 UK Biochar Research Centre (UK) 5, 6, 7
Maize 350 NDA 30 ECN (the Netherlands) 3, 5, 6
Maize 550 NDA 30 ECN (the Netherlands) 3, 5, 6
Cane 600 NDA 60 Carbo BV (the Netherlands) 5
Beech 600 NDA 300 Carbo BV (the Netherlands) 5
Wood mixture           
(Field trial biochar)
480 NDA NDA Carbon Terra (Germany) 4, 6, 8
Used in Chapter
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and wood mixture biochars (67.3% – 74.4%). The pine chars showed nitrogen contents of 
less than 0.2% and therefore had a very high C:N ratio (> 456). Ammonium concentrations 
were less than 2 mg N kg
-1
 biochar, while NO3
-
 concentrations were even lower (<1.1 mg 
N kg
-1
 biochar). The mineral N content of biochar is only a negligible fraction of the total 
N content, as TN contents vary between 1500 and 15200 mg N kg
-1
 biochar. At higher 
pyrolysis temperatures for a given biochar feedstock, biochar pH and CEC were increased, 
while volatile matter and H:C ratios were decreased. Also Ronsse et al. (2013) observed at 
higher pyrolysis temperature biochars (for a given feedstock) lower H:C ratios, volatile 
matter contents and higher pH-KCl compared to low temperature biochars. The H:C ratio 
can be used to make an estimate for the average size of the polyaromatic graphene clusters 
in the biochars, which is likely to be an indicative measure of the overall biochar stability 
in the soil (Ronsse et al., 2013). The maize-550°C biochar showed highest, while pine-
450°C showed the lowest pH-KCl (9.8 and 6.7, respectively). Cation exchange capacities 
ranged between 32.0 and 68.8 cmolc kg
-1
 biochar. For comparison, soil CEC from the 
loamy sand soil used in Chapter 3 was 5.0 cmolc kg
-1
. However, when biochar would be 
applied to soil at a dose of e.g. 10 g kg
-1
, the biochars would likely not affect soil CEC to a 
large extent in these soils, as the CEC added through biochar addition would be maximal 
0.7 cmolc kg
-1
 soil. But, during exposure in soil, biochar particles could be chemically 
altered due to surface oxidation and interactions with non-biochar materials, resulting in an 
increasing CEC over time (Liang et al., 2006). 
The short-term degradability of biochar is commonly determined in incubation studies, 
where CO2 respiration from soil amended with biochar is compared to soil without biochar. 
During the experiment the soil CO2 flux originating from respiration is determined 
repeatedly by gas analysis or through the use of sodium hydroxide. The overall degradation 
(C loss) of the added biochar materials is then calculated using simple difference, i.e. CO2 
emission from the biochar amended soil minus the emission from the control soil (no 
biochar added) (e.g. Bruun et al., 2012). The difference in CO2 emissions is then assumed 
to originate from biochar. However, potentially the increased CO2 emission with biochar 
application could also be due to biochar accelerating the turnover (CO2 emission) of native 
soil organic matter (priming). In order to differentiate between CO2 originating from soil 
native carbon and biochar carbon, 
14
C-labelled biochar can be used (e.g. Bruun et al., 
2008). Incubating biochar without soil, but mixed with pure sand and inoculated with soil 
microbes and a nutrient solution, is another option in order to exclude measuring CO2 
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originating from native soil organic matter, and is the method used in our research to 
determine the labile C fraction of biochar. 
Figure 2.1 and Table 2.2 show the labile C fraction results from the biochars used in this 
thesis work. For the maize-550°C, the labile C fraction is negative, as the amount of CO2 
produced in this treatment was lower than in the control. This biochar type probably 
contains microbial-inhibiting compounds (e.g. certain volatile organic compounds) through 
which microbial activity is reduced (Spokas et al., 2011). For the other biochar types, the 
biochar-C mineralization rate was highest during the first days of incubation, after which 
the rate decreased as a function of time to reach, in case of the willow and pine biochars, a 
steady state at the end of incubation (Figure 2.1). For the maize-350°C and wood mixture 
biochar, the course of the curve shows that not all labile C had been mineralized when the 
experiment was stopped. As expected, the labile C fraction (Cmax) increased with 
decreasing pyrolysis temperature. It was highest for the maize-350°C (13.65 mg C g
-1
 
biochar-C) and lowest for pine-650°C (0.38 mg C g
-1
 biochar-C) (Table 2.2). The woody 
biochars showed lower labile C fractions than the maize-350°C biochar, indicating that not 
only temperature but also feedstock is important for biochar stability. Our labile C fraction 
results are in correspondence with other studies in which biochar labile C fraction is 
determined using sand and a nutrient-microbial inoculum solution (Table 2.3). For 
comparison, in the experiment from Bruun et al. (2012), in which biochar was incubated 
with soil, biochar (produced from wheat straw at 475°C-575°C) carbon losses of up to 120 
mg g
-1
 biochar-C had been observed, which is considerably higher compared to results 
from incubation studies conducted in sand. This is ascribed to the pyrolysis technology 
used, as the biochar was made on a fast Pyrolysis Centrifuge Reactor which results in 
incompletely pyrolyzed biochar at the lower temperatures, and to the fact that most other 
studies use slow pyrolysis biochar, which contains less easy degradable substrate (Bruun et 
al., 2010). In the study of Bruun et al. (2008), in which 
14
C-labelled biochar (produced 
from roots of barley at 225°C-375°C; slow pyrolysis) was incubated with soil, biochar 
labile C fractions were after 30 days of incubation 19 mg C g
-1
 biochar-C and 14 mg C g
-1
 
biochar-C for the biochars produced at 225°C and 300°C, respectively, while the labile C 
fraction of the biochar produced at 375°C was 82 mg g
-1
 biochar-C, which was explained 
by evolved CO2 likely coming from carbonate present in the biochar. 
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Table 2.2 Physico-chemical properties (mean ± 1 standard error; n = 2; for CEC n = 1) of the biochar types used in this thesis based on oven-dry basis 
(105°C) except for pH-KCl. A range of moisture contents is given, as moisture content was determined at the start of each experiment. 
wt % = weight %; NDA = no data available; 
*
mass ratio; 
**
atomic ratio 
Biochar types with different letters differ significantly (P < 0.05) according to Scheffé-tests 
 
 
 
 
 
Biochar type
Moisture 
content
CEC 
wt % cmol c  kg
-1
Willow-450°C 3.2-3.8 78.4 ± 0.5 cd 2.03 ± 0.03 d 0.82 ± 0.01 b 96 ± 2 bc 0.309 ± 0.006 d 11.2 ± 0.4 abc 4.3 ± 0.1 bc 7.3 ± 0.1 abc 33.4 3.00 ± 0.51 cd
Willow-550°C 2.5-3.2 86.3 ± 0.4 ef 1.95 ± 0.07 cd 0.85 ± 0.10 b 102 ± 13 bc 0.270 ± 0.009 cd 6.7 ± 0.5 abc 3.2 ± 0.0 b 7.5 ± 0.0 bc 42.8 0.51 ± 0.13 ab
Willow-650°C 5.3-6.5 84.8 ± 0.5 de 1.14 ± 0.01 a 1.00 ± 0.01 b 85 ± 1 ab 0.160 ± 0.001 a 6.0 ± 0.3 ab 4.9 ± 0.1 c 8.1 ± 0.2 cd 59.1 0.41 ± 0.05 ab
Pine-450°C 2.2-2.6 86.8 ± 0.7 ef 2.80 ± 0.06 e 0.19 ± 0.04 a 457 ± 78 e 0.385 ± 0.012 e 12.1 ± 1.1 c 0.9 ± 0.1 a 6.7 ± 0.0 a 38.6 2.73 ± 0.09 cd
Pine-550°C 2.4-3.3 91.6 ± 1.1 f 2.13 ± 0.01 d 0.19 ± 0.03 a 482 ± 67 e 0.277 ± 0.003 cd 7.3 ± 1.2 abc 1.0 ± 0.2 a 6.8 ± 0.0 ab 52.1 1.52 ± 0.16 bc
Pine-650°C 3.4-4.5 92.6 ± 0.1 f 1.68 ± 0.01 bc 0.15 ± 0.00 a 617 ± 7 e 0.216 ± 0.000 b 6.0 ± 1.2 a 1.1 ± 0.1 a 7.7 ± 0.1 bc 68.8 0.38 ± 0.03 ab
Maize-350°C 1.5-4.5 67.3 ± 0.4 a 4.25 ± 0.04 f 1.47 ± 0.04 c 46 ± 2 a 0.752 ± 0.002 g 32.6 ± 0.6 e 7.7 ± 0.4 d 8.3 ± 0.1 d 55.2 >13.65 ± 0.13 e
Maize-550°C 1.9-4.2 72.1 ± 0.3 abc 2.21 ± 0.00 d 1.52 ± 0.01 c 47 ± 1 a 0.365 ± 0.001 e 12.1 ± 0.5 c 10.9 ± 0.3 e 9.8 ± 0.0 e 61.9 -0.44 ± 0.08 a
Cane-650°C 7.1-7.3 74.4 ± 0.3 bc 2.78 ± 0.06 e 0.86 ± 0.07 b 87 ± 7 abc 0.446 ± 0.008 f 18.8 ± 0.3 d 8.9 ± 0.3 d 6.8 ± 0.1 a 57.6
Beech-600°C 5.9-6.4 71.4 ± 0.2 ab 4.24 ± 0.02 f 0.34 ± 0.01 a 210 ± 8 d 0.708 ± 0.001 g 22.9 ± 0.5 d 0.6 ± 0.1 a 7.1 ± 0.1 ab 32.0
Wood mixture-480°C 
(Field trial biochar)
19.8-27.8 68.1 ± 2.5 ab 1.50 ± 0.00 bc 0.40 ± 0.00 a 164 ± 13 cd 0.257 ± 0.010 bc 12.0 ± 0.2 bc 8.3 ± 0.3 d 8.6 ± 0.1 d 46.3 >3.95 ± 0.48 d
C H N C:N
*
wt % wt % wt %
NDA
H:C
** Volatile matter Ash pH-KCl
wt % wt % mg C g
-1
 biochar-C
Labile C 
NDA
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Figure 2.1 Cumulative carbon mineralization originating from the willow and pine biochar types 
measured during 357 days (symbols; mean ± standard error, n = 3) and predicted by the equation 
C(t) = Cmax (1 - e
-kt
) (lines), and cumulative carbon mineralization originating from the maize and 
wood mixture biochars measured during 384 days (mean ± standard error, n = 3). 
 
Table 2.3 Overview of studies in which the labile C fraction of biochar was determined using sand 
and a nutrient-microbial inoculum solution. 
 
Table 2.4 shows the correlation coefficients between the biochar characteristics. For the 
labile C correlations, the maize-550°C results has been left out of the analysis, while for 
the beech and cane biochars no results were available. Biochar pH and ash content were 
significantly correlated (P < 0.05), indicating that biochar pH increased due to the higher 
amount of ash present. Furthermore, volatile matter and H:C ratios were significantly 
correlated, indicating that when H:C decreases, also volatile matter decreases. The labile C 
fraction of biochar is significantly correlated to H:C ratio and volatile matter content, 
indicating that these are good indicators for biochar stability. Also biochar C content is 
correlated (negatively) with the labile C fraction, indicating that when C content increases, 
the biochar is more stable. 
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Wood mixture480°C
Reference Biochar feedstock
Pyrolysis 
temperature     
(°C)
Duration of 
experiment  
(days)
Incubation 
temperature 
(°C)
Labile C fraction
Baldock and Smernik (2002) Pine 350 120 25 ≤ 5 mg g-1 biochar-C
Cheng et al. (2008) Historic charcoal 50 30 < 5 mg g
-1
 biochar-C
Cross and Sohi (2011) Sugarcane bagasse 350-550 14 30 2-11 mg g
-1
 biochar-C
Maize 350
Rye 350
Oak 800
Zimmerman (2010) Oak 250-650 80 32°C < 20 mg g
-1
 biochar
Hamer et al. (2004) 60 20 ≤ 5 mg g-1 biochar
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Table 2.4 Spearman’s rho values of non-parametrical correlations (n = 11, except for correlations 
with labile C, for which n = 8) between the biochar characteristics. 
 
Data in bold: correlation is significant at P = 0.05; Data in bold and italic: correlation is significant at P = 
0.01 
 
The protocol to determine biochar’s labile C does not seem suitable for all biochar types, 
e.g. for the maize-550°C, but most likely, this biochar type does contain a labile C fraction. 
This is also indicated in Chapter 3, in which hot-water extractable carbon (HWC) of the 
maize biochars was determined. For the maize-350°C, biochar’s HWC was 15.4 mg g-1 
biochar, while for the maize-550°C, this was 9.4 mg g
-1
 biochar. As HWC is a measure for 
easily available carbon, it seems that both  maize biochars do contain labile C. In addition, 
volatile matter and H:C ratio (which is a measure for biochar stability) were significantly 
correlated to labile C. The maize-550°C biochar (with a negative labile C fraction but a 
volatile matter of 12%) is an outlier. This indicates that the protocol works well for the 
other biochar types but not for the maize-550 biochar. 
 
2.4 Conclusions 
The biochar characterization shows that, as expected, both feedstock and pyrolysis 
temperature influence biochar properties to a large extent. For a given feedstock, biochar 
pH and CEC increase with pyrolysis temperature, while volatile matter and H:C ratios 
decrease as biochar stability increases. This is confirmed by the labile C results of the 
biochar, which decrease when pyrolysis temperature increases. The maize-550°C likely 
contains microbial-inhibiting compounds. 
H N C:N H:C
Volatile 
matter
Ash pH CEC Labile C
Correlation coefficient -0.364 -0.606 0.655 -0.518 -0.702 -0.509 -0.487 0.173 -0.786
P-value 0.272 0.048 0.029 0.102 0.016 0.110 0.128 0.612 0.021
Correlation coefficient 0.114 0.173 0.973 0.884 -0.164 -0.346 -0.309 0.524
P-value 0.739 0.612 0.000 0.000 0.631 0.297 0.355 0.183
Correlation coefficient -0.980 0.232 0.265 0.770 0.555 0.287 0.371
P-value 0.000 0.492 0.431 0.006 0.076 0.392 0.365
Correlation coefficient -0.300 -0.337 -0.745 -0.519 -0.227 -0.452
P-value 0.370 0.311 0.008 0.102 0.502 0.260
Correlation coefficient 0.943 -0.018 -0.282 -0.355 0.714
P-value 0.000 0.958 0.400 0.285 0.047
Correlation coefficient 0.114 -0.128 -0.337 0.922
P-value 0.739 0.708 0.311 0.001
Correlation coefficient 0.633 0.536 0.476
P-value 0.036 0.089 0.233
Correlation coefficient 4.740 0.238
P-value 0.141 0.570
Correlation coefficient -0.452
P-value 0.260
CEC
Volatile 
matter
C
H
N
C:N
H:C
Ash
pH
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CHAPTER 3 
3 Maize biochars accelerate soil nitrogen 
dynamics in a loamy sand soil in the short term 
After: Nelissen, V., Rütting, T., Huygens, D., Staelens, J., Ruysschaert, G. & Boeckx, P., 
2012. Maize biochars accelerate short-term soil nitrogen dynamics in a loamy sand soil. 
Soil Biology & Biochemistry 55, 20-27. 
 
Abstract 
Biochar addition to soils has been proposed as a means to increase soil fertility and carbon 
sequestration. However, its effect on soil nitrogen (N) cycling and N availability is poorly 
understood. To gain better insight into the short-term effects of biochar on gross N 
transformation processes, a 
15
N tracing experiment in combination with numerical data 
analysis was conducted. An arable loamy sand soil was used and mixed with two silage 
maize  biochars, produced at 350°C and 550°C. The results showed accelerated soil N 
cycling following biochar addition, with increased gross N mineralization (185-221%), 
nitrification (10-69%) and ammonium (NH4
+
) consumption rates (333-508%). Moreover, 
transfer of N from a recalcitrant soil organic N (Nrec) pool to a more labile soil organic N 
(Nlab) pool was observed. In the control treatment, 8% of the NH4
+
 mineralized from Nlab 
was immobilized to the Nrec pool. In contrast, 79% and 55% of the NH4
+
 mineralized from 
Nrec were immobilized to the Nlab pool in the treatment with biochar-350°C and biochar-
550°C, respectively. NH4
+
-N was adsorbed quickly to biochar at the start of the 
experiment, thereby buffering plant-available N. In conclusion, these types of biochar, 
produced from silage maize, accelerated soil N transformations in the short term, thereby 
increasing soil N bio-availability, through a combined effect of mineralization of the 
recalcitrant soil organic N pool and subsequent NH4
+
 immobilization in a labile soil 
organic N pool. 
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3.1 Introduction 
In many parts of Europe, there is a decline in soil organic matter (SOM) due to an 
imbalance between build-up and decomposition of SOM (Akça et al., 2005). Adding 
biochar, the recalcitrant carbon (C) rich product obtained when biomass is pyrolyzed, to 
soil has been suggested to improve soil quality (Lehmann and Joseph, 2009) and to reduce 
nitrous oxide  (N2O) and methane (CH4) emissions from soil (Gaunt and Cowie, 2009). 
Moreover, application of biochar to soil has been suggested to act as a large and long-term 
C sink (Lehmann et al., 2006). Therefore, biochar application to soils has gained interest as 
a climate change mitigation strategy. Although the positive effects of biochar need further 
verification, interest in biochar is growing among scientists and policy makers worldwide.  
Before biochar can be recommended for large-scale applications, its effect on crop and 
soil, including its effect on the nitrogen (N) cycle, must be better understood. Anderson et 
al. (2011) highlighted the potential of biochar to enhance the abundance and activity of 
microorganisms involved in soil N cycling. However, due to the activation of 
microorganisms that can mineralize more complex soil organic C (SOC), biochar can 
induce also a positive priming effect of native SOC (Luo et al., 2011), thereby reducing the 
SOC content. In the short term, biochar addition to soil could also result in net microbial 
immobilization of inorganic N as biochar can contain a small labile C fraction with a high 
C:N ratio (DeLuca et al., 2009). However, when bioavailable soil N is low, it can be 
hypothesized that upon biochar addition microorganisms will mine N from SOM. Steiner 
et al. (2008) showed that charcoal amendments to a highly weathered soil improved N 
fertilizer use efficiency due to microbial N immobilization or due to the high cation 
exchange capacity (CEC) of charcoal. The high porosity of biochar, accompanied by high 
surface areas, could contribute to nutrient adsorption through charge or covalent interaction 
(Major et al., 2009). In forest soils, nitrification rates have been found to increase with 
charcoal addition (Ball et al., 2011; DeLuca et al., 2006) but it is unclear if the same occurs 
in agricultural soils with a more active nitrifying community. 
Currently little is known about the effects of biochar on soil N transformations in the short 
and long term. In contrast to the commonly investigated net rates, gross N rates provide 
information on the actual dynamics of the soil N cycle and on the microbial activity. 
Therefore, to test the above hypotheses of increased N mineralization-immobilization, 
nitrification and adsorption upon silage maize biochar addition, a 
15
N tracing experiment in 
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combination with numerical data analysis was conducted to investigate the gross rates of 
simultaneously occurring N transformations. The main advantage of this approach, 
compared with commonly used 
15
N pool dilution techniques, is that it provides information 
on process-specific gross N rates (Rütting and Müller, 2007; Schimel, 1996).  
 
3.2 Materials and methods 
3.2.1 Soil 
Soil was collected in spring 2010, before sowing, from the top layer (0-20 cm) of a loamy 
sand soil from a farmer’s arable field plot in Meulebeke, Belgium (50°57’11” N, 3°16’45” 
E). Potatoes and leek were grown in this plot in the year 2008 and 2009, respectively. 
Immediately after sampling, the soil was air-dried and stored until the start of the 
15
N 
experiments. The soil particle distribution was determined by the sieve-pipette method 
(ISO 11277). Soil pH was measured in a 1 M KCl solution (1:5 v:v) (ISO 10390). The 
CEC was determined according to Chapman (1965) after extraction with a 1 M NH4
+
-
acetate solution (pH 7, soil-solution ratio of 1:5 (w:v)). SOC content was measured on 
oven-dried (70°C) soil samples by dry combustion at 1050°C (ISO 10694) using a TOC 
analyzer (Primacs
SLC
, Skalar, the Netherlands). Total N content was determined by dry 
combustion (Dumas principle, ISO 13878) (Flash 4000, ThermoFisher, US). At the start of 
the pre-incubation (see 2.3 below), mineral N was extracted in a 1 M KCl solution (1:5 
w:v) (ISO 14256-2) and measured using a continuous flow analyzer (FIAstar 5000, Foss, 
Denmark).  
 
3.2.2 Biochar 
Two biochars were produced at ECN (the Netherlands) from maize that was ensilaged 
during 7 months. Pyrolysis temperatures were 350°C and 550°C. Biochar characteristics 
are described in Chapter 2. Hot-water extractable carbon (HWC) was determined following 
the method of Haynes and Francis (1993). Biochar samples (equivalent of 0.5 g oven-dry 
weight) were weighed into 50 ml polypropylene centrifuge tubes and 25 ml of distilled 
water was added. The tubes were capped and left for 16 h in a hot-water bath at 70°C. At 
the end of the extraction period the tubes were centrifuged and the supernatants were 
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filtered. HWC in the extracts was determined by dry combustion at 1050°C using a TOC 
analyzer (Primacs
SLC
, Skalar, the Netherlands). 
 
3.2.3 15N tracing experiment 
One week prior to 
15
N additions, the soil was sieved (2 mm), and water was added to the 
soil to obtain a gravimetric soil moisture content of 15%. Plastic tubes (180 ml, r = 2.5 cm, 
h = 10 cm) were filled with 69 g of moist soil, which corresponds to 60 g of oven-dry soil. 
The tubes were pre-incubated at 20°C in order to restore microbial activity. One day before 
15
N additions, sieved biochar (1 mm) was mixed with the soil at a dose of 10 g fresh 
biochar kg
-1
 dry soil, and immediately after mixing, pH-KCl of the soil and soil-biochar 
mixtures was determined. There were three different treatments, a control and two biochar 
treatments (350°C and 550°C), and three replicates per treatment. Either 
15
N-labeled NH4
+
 
or NO3
-
 was added (50 atom%) at a rate of 0.168 µg NH4Cl-N g
-1 
dry soil (25% of the 
standing NH4
+
-N pool) or 2 µg KNO3-N g
-1 
dry soil (10% of the standing NO3
-
-N
 
pool), 
mixed in a 1 ml solution. After label addition, the soil was thoroughly mixed to ensure a 
homogeneous 
15
N distribution. Temperature (20°C) and soil moisture content (15%) were 
kept constant during the entire experiment. 
Soils were extracted 0.25, 2, 4, 24, 72 and 168 h after label addition with 100 ml 1 M KCl 
and shaken for 120 min. Ammonium in the extract was determined colorimetrically by the 
salycilate–nitroprusside method (Mulvaney, 1996) on an auto-analyzer (AA3, Bran and 
Luebbe, Germany). Nitrate was determined colorimetrically using the same auto-analyzer 
in form of NO2
-
 after reduction of NO3
-
 in a Cd–Cu column followed by the reaction of the 
NO2
-
 with N-1-napthylethylenediamine to produce a chromophore. The NO3
-
 results were 
corrected for NO2
-
 present in the soil samples. The 
15
N contents of NH4
+
 and NO3
-
 were 
analyzed after conversion to N2O using a trace gas preparation unit (ANCA-TGII, PDZ 
Europa, UK) coupled to an Isotope Ratio Mass Spectrometer (IRMS) (20-20, SerCon, 
UK). Ammonium was converted by adding MgO to soil extracts and absorbing NH3 into 
H2SO4, after which N2O was produced by reaction with NaOBr (Hauck, 1982; Saghir et 
al., 1993). Nitrate was reduced by Cd–Cu at pH 4.7 to produce nitrite and NH2OH as 
intermediates of N2O (Stevens and Laughlin, 1994). Due to the low NH4
+
 concentration in 
the KCl extract, NH4
+
 had to be spiked with an NH4Cl solution at natural abundance in a 
ratio of 1:4 (mole:mole, sample:spike). 
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NH4
+
 and NO3
-
 concentrations 0.25 and 168 h after label addition were analyzed using a 
one-way analysis of variance using SPSS 17. Treatment means were compared using 
Scheffé post-hoc tests for the effect of biochar type. The same statistical analysis was used 
for the adsorption data (concentrations and 
15
N abundances) obtained as described in 3.2.5. 
 
3.2.4 15N tracing model 
A numerical 
15
N tracing analysis tool was used to quantify multiple gross N transformation 
rates for each biochar treatment. The advantages of this approach compared with the more 
commonly used analytical equations with data from 
15
N dilution experiments are (i) 
process-specific gross rates for multiple simultaneously occurring N transformation are 
quantified, while analytical equations only quantify the total gross production and 
consumption of the labeled pool (Rütting et al., 2011; Schimel, 1996); (ii) longer 
incubation periods (1 – 2 weeks) are possible as remineralization of previously 
immobilized labeled compounds is accounted for, providing better time-integrated gross 
rates; and (iii) possible interactions between N transformations are accounted for, which 
otherwise may bias quantifications of gross rates (Rütting and Müller, 2007). Moreover, 
the potential high abiotic 
15
NH4
+
 adsorption by biochar immediately after 
15
N addition 
would bias the quantification of gross rates via the pool dilution approach if subsequently 
released, as it violates the assumption of no significant 
15
NH4
+
 production. Such an 
adsorption-desorption can though be explicitly considered in numerical tracing models 
(Müller et al., 2004). 
The 
15
N tracing model was originally described by Müller et al. (2004). In the present 
experiment, we applied a modified version that relies on a Markov chain Monte Carlo 
algorithm for parameter optimization (Müller et al., 2007; Rütting and Müller, 2007). This 
model enables to simultaneously quantify gross rates for a variety of N transformations 
described either as zero or first order kinetics by minimizing the misfit function in the form 
of a quadratic weighted error between the observed data and the model output. For that, the 
average and standard error of the measured soil NH4
+
 and NO3
-
 concentrations and their 
respective 
15
N enrichments are used. The optimization results in a probability density 
function for each model parameter, from which average parameter values and standard 
deviations (SD) are calculated (Rütting and Müller, 2007; Staelens et al., 2012). 
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Data analysis was conducted with a model setup of six N pools and twelve transformations 
(Figure 3.1). Several modifications in kinetic settings, considered N pools and included N 
transformations were tested to identify the model that best described the measured soil 
mineral N concentrations and 
15
N contents, governed by the Akaike Information Criterion 
(AIC). A model with a smaller AIC is more likely to be correct and, hence, only 
modifications decreasing the AIC value were considered for the final data analysis 
(Burnham and Anderson, 2002). Various model setups were used to examine whether 
simpler models could describe the measured N dynamics and to assess the robustness of 
the obtained gross N fluxes (Staelens et al., 2012). In the final model, for each treatment 
six N pools were retained. For the control soil nine N transformations were retained, while 
for the biochar treatments eight transformations were retained (Table 3.3). The 
transformations that were not considered in the final model, based on the AIC, were likely 
not occurring in the soil and hence the gross rates can be assumed to be zero. The N pools 
considered in the tracing model (Figure 3.1) were ammonium (NH4
+
), nitrate (NO3
-
), a 
labile (Nlab) and a more recalcitrant (Nrec) organic N pool, and a pool related to the 
adsorption of NH4
+
 (NH4
+
ads) and NO3
-
 (NO3
-
ads). Of those, NH4
+
 and NO3
-
 were measured, 
while initial NH4
+
ads and NO3
-
ads were inferred from total 
15
N recovery in the KCl extracts 
and the two organic N pools are conceptually defined. Different contributions of Nlab and 
Nrec to the total organic N pool (Norg) were tested for the control soil. When Nlab 
contributed 1% to Norg the lowest AIC value was obtained, indicating the most likely setup. 
This value was subsequently used for all three treatments. The Nlab pool represents a 
microbially easily available N pool, while Nrec is more difficult to mineralize, i.e. more 
recalcitrant, but not inert (Huygens et al., 2007; Müller et al., 2004; Rütting et al., 2010).  
 
Figure 3.1 Conceptual 
15
N tracing model that was used for data analysis (Nlab = labile soil organic 
N, Nrec = recalcitrant soil organic N, NH4
+
 = ammonium, NO3
-
 = nitrate, NH4
+
ads = adsorbed NH4
+
, 
NO3
-
ads = adsorbed NO3
-
, see Table 3.3 for explanation of N transformations and abbreviations). 
Transformations in grey were not retained in the final model. 
NrecNlab
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+ NO3
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MNlab
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At the first soil extraction 15 min after label addition, 
15
N recovery was 56-73% of added 
15
NH4
+
 and 88-92% of added 
15
NO3
-
. Therefore, it was necessary, in accordance with 
previous studies (Huygens et al., 2007; Müller et al., 2004; Rütting et al., 2010), to 
consider adsorbed NH4
+
 (NH4
+
ads) and adsorbed NO3
-
 (NO3
-
ads) pools in the final model 
setup (Figure 3.1), accounting for non-extractable N which is assumed to be adsorbed 
quickly to clay minerals, organic matter or in this experiment, to biochar (NH4
+
 only). 
Including the biochar N as a separate N pool in the model did not improve the model fit, 
indicating no significant turn-over of this pool in the short term, and therefore such a pool 
was left out of the final model. The optimization algorithm was programmed in MatLab 
(Verion 7.11, The MathWorks Inc.). This algorithm called the 
15
N tracing model, which 
was separately set up in Simulink (Version 7.6, The MathWorks Inc.). The initial (i.e. at t = 
0 h) size and 
15
N content of the NH4
+
 and NO3
-
 pools were obtained by extrapolating the 
data for 0.25 and 2 h back to 0 (Müller et al., 2004). The initial values of the NH4
+
ads and 
NO3
-
ads pools were calculated according to Münchmeyer (2001) (see 2.5 below). Based on 
the final kinetic settings and model parameters, mean gross N fluxes were calculated by 
integrating the rates of the 7-day period divided by the total time (Rütting and Müller, 
2007; Staelens et al., 2012). The mean and net N fluxes were compared statistically 
between the treatments using the 85% confidence interval, which is equivalent to testing at 
a significance level of 0.05 (Payton et al., 2000; Rütting et al., 2010). 
 
3.2.5 NH4
+
ads and NO3
-
ads pool calculations 
The amounts of NH4
+
 and NO3
-
 that were instantaneously adsorbed after label addition (i.e. 
the NH4
+
ads and NO3
-
ads pools) were quantified following the method by Münchmeyer 
(2001), which assumes an equilibrium between extractable and adsorbed mineral N. The 
total amount of a mineral N moiety is the sum of added (Nappl) and native N (Nnat), as well 
as the sum of extractable (Nextr) and total adsorbed N (Nads). The Nads pool contains both, 
native and added N that is adsorbed to soil particles. Of these pools, only Nappl and Nextr as 
well as their 
15N content in excess (a’appl and a’extr, respectively) are known. In addition, the 
Nnat pool has natural 
15
N abundance. As the added excess 
15
N (= Nappl * a’appl) will end-up 
either in the Nextr or the Nads pool, which have due to the equilibrium the same 
15
N excess 
(a’extr), the amount of Nads can be calculated by: 
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extr
extr
applappl
ads N
a
aN
N 
'
'*
 (Eq. 1) 
In addition the amount of native N (Nnat) can be calculated by: 
appladsextrnat NNNN   (Eq. 2) 
However, for both biochar-amended soils, these equations resulted in a lower calculation 
of the native NH4
+
 concentration than for the control soil, which is unlikely. We therefore 
concluded that the biochar poses an additional adsorption capacity for NH4
+
, which is not 
in equilibrium with the extractable N in the soil (i.e., has a different 
15
N enrichment) and 
must be taken into consideration. Consequently, we first calculated a corrected NH4
+
 
adsorption on soil particles for the biochar treatments (Nads_soil), based on the results of the 
control soil and assuming a constant ratio of soil-adsorbed to extractable NH4
+
 in the three 
treatments: 
bcextr
ctrlextr
ctrlads
soilads N
N
N
N _
_
_
_ *  (Eq. 3), 
with Nads_ctrl the amount of adsorbed NH4
+
 in the control soil calculated via Eq. 1, and 
Nextr_ctrl and Nextr_bc the amount of extracted NH4
+
 in the control and biochar amended soil, 
respectively. The amount of applied (Nads_Nappl) and native (Nads_Nnat) NH4
+
 that is adsorbed 
on the biochar can now be calculated by mass balance of the added (i.e. excess) 
15
N for 
applied NH4
+
 and by a simple mass balance for total 
14
N for native NH4
+
 according to:  
 
appl
extr
soiladsextrapplNapplads
a
a
NNNN
'
'
*__   (Eq. 4) 
)1(
)1(*)()1(*)()1(* __
_
na
extrsoiladsextrapplNappladsapplnanat
Nnatads
a
aNNaNNaN
N


  
                                                                                                                                       (Eq. 5) 
with ana the measured natural 
15
N abundance (0.3696 ± 0.0001). Note that Eq. 5 uses 
15
N 
abundance and not excess data. 
Finally, the corrected total NH4
+
 adsorption (Nads_cor) was calculated by: 
NappladsNnatadssoiladscorads NNNN ____   (Eq. 6) 
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The 
15
N abundance of the corrected adsorbed pool was calculated by using the individual 
sub-pools and their respective 
15
N abundance. 
 
3.3 Results 
3.3.1 Soil and biochar characterization 
The soil particle distribution was 82% sand, 13% silt and 5% clay, and can be classified as 
a loamy sand soil (USDA). The soil had a pH-KCl of 4.98 and a low organic C content 
(0.7%) (Table 3.1). Biochar characteristics are described in Chapter 2. Both biochars had a 
high pH (8.3 for biochar-350°C, 9.8 for biochar-550°C). Immediately after mixing biochar 
with soil, soil pH increased (5.25 for biochar-350°C, 5.34 for biochar-550°C treatment). 
The biochar produced at 350°C contained more HWC than the biochar produced at 550°C 
(15.4 mg g
-1
 compared to 9.4 mg g
-1
). 
 
Table 3.1 Characteristics of the investigated arable soil. 
   pH-KCl CEC TC TN C:N NO3
-
-N NH4
+
-N 
 - cmolc kg
-1
 % %   µg g
-1
 µg g
-1
 
Soil 4.98 8.3 0.7 0.08 9 19.8 <0.7 
CEC = cation exchange capacity, TC = total carbon, TN = total nitrogen, C:N = carbon : nitrogen, NO3
-
-N = 
nitrate-N, NH4
+
-N = ammonium-N, HWC = hot-water extractable C 
 
3.3.2 Measured mineral N pools and 15N enrichments 
The NH4
+
 concentration results showed that a significantly (P < 0.05) smaller amount of 
NH4
+ 
was KCl-extractable at the start of the experiment (t = 0.25 h) in the biochar 
treatments compared with the control soil (Figure 3.2a). However, NH4
+ 
concentrations 
were very low and the difference between the treatments gradually decreased over time. 
Similarly, NO3
-
 was significantly (P < 0.05) less KCl-extractable at the start of the 
experiment (t = 0.25 h) with biochar addition compared with the control soil (Figure 3.2c). 
After 168 h (7 d), this was still the case (P < 0.05). 
The fast decline in 
15
N enrichment in the NH4
+
 pool, especially in the biochar treatments, 
indicated a fast inflow of unlabeled NH4
+
 and points to high gross NH4
+
 production rates 
(Figure 3.2b). The 
15
N enrichment in the NO3
-
 pool declined slowly, indicating rather low 
gross nitrification rates (Figure 3.2d). 
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(a)                (b) 
   
 
 (c)                (d) 
   
 
Figure 3.2 Measured concentrations and 
15
N enrichments (mean ± standard deviation) of the NH4
+
 
(a and b) and NO3
- 
(c and d) pools in the treatments after addition of 
15
N-labeled NH4
+ 
or NO3
-
, 
respectively. 
 
3.3.3 Calculated NH4
+
ads and NO3
-
ads pools 
There was a 92% and 86% increase in initial NH4
+
 adsorption for the biochar-350°C and 
biochar-550°C treatments, respectively, compared with the control soil (Table 3.2). For 
NO3
-
 the differences were not significant.  
Table 3.2 Initial calculated concentrations and 
15
N abundances of the NH4
+
ads and NO3
-
ads pools in 
the three treatments. 
 
Treatments with a different letter differ significantly (P<0.05) according to Scheffé tests. 
SD = standard deviation 
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+
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15
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3.3.4 Gross N transformation rates 
For the control treatment, the total gross mineralization of the organic N pool to the NH4
+
 
pool (MNlab + MNrec) was 0.82 µg N g
-1
 day
-1
, with approximately 40% originating from the 
Nrec pool and 60% from the Nlab pool (Table 3.3). Gross immobilization of NH4
+
 took only 
place into Nrec (0.36 µg N g
-1
 day
-1
). The total net mineralization rate (MNlab + MNrec – INH4-
Nrec - INH4-Nlab) was 0.46 µg N g
-1
 day
-1
 (Figure 3.3). The NH4
+
 adsorption-desorption 
dynamics showed no net NH4
+
 adsorption. For the control treatment, the NO3
-
 adsorption-
desorption dynamics showed the greatest rates, with 5.26 µg N g
-1
 day
-1
 NO3
-
 adsorption 
and 4.68 µg N g
-1
 day
-1
 NO3
-
 release, resulting in net NO3
-
 adsorption at a rate of 0.58 µg N 
g
-1
 day
-1
. The gross nitrification rate (ONH4) was 0.62 µg N g
-1
 day
-1
.  
Table 3.3 Description and gross rates (mean and SD) of soil N transformation in the control soil 
and the soils amended with biochar-350°C and -550°C. All gross N transformation rates differed 
significantly (P < 0.05) between the treatments. 
 
a
Kinetics: 0 = zero order, 1 = first order; 
SD = standard deviation, Nlab = labile soil organic N, Nrec = recalcitrant soil organic N, NH4
+
 = ammonium, 
NO3
-
 = nitrate; - = transformations not considered in final model (see 3.2.4) 
 
For soil with biochar produced at 350°C, total gross mineralization of the organic N pool to 
the NH4
+
 pool (MNlab + MNrec) was 2.63 µg N g
-1
 day
-1
, with ~75% coming from Nrec and 
~25% from Nlab. For the soil with biochar produced at a higher temperature (biochar-
550°C), total gross N mineralization (2.34 µg N g
-1
 day
-1
) was lower than for biochar-
350°C, but the relative contribution of mineralization from Nrec (75%) and Nlab (25%) was 
similar. Gross immobilization of NH4
+
 took only place into Nlab, and was also lower for 
soil with biochar-550°C (1.56 µg N g
-1
 day
-1
) than with biochar-350°C (2.19 µg N g
-1
 day
-
1
). The net fluxes between the N pools (Figure 3.3) show that in the control treatment 8% 
of the NH4
+
 mineralized from Nlab was immobilized into the Nrec pool. In the biochar 
Abbreviation Description Kinetics
a
Mean SD Mean SD Mean SD
MNrec Mineralization of Nrec to NH4
+ 0 0.32 0.08 2.07 0.1 1.73 0.06
INH4-Nrec Immobilization of NH4
+
 to Nrec 1 0.36 0.02 - - - -
MNlab Mineralization of labile organic N 1 0.50 0.09 0.56 0.08 0.61 0.07
INH4-Nlab Immobilization of NH4
+
 to Nlab 1 - - 2.19 0.1 1.56 0.07
ONH4 Oxidation of NH4
+
to NO3
- 1 0.62 0.03 0.68 0.03 1.05 0.04
DNO3 Dissimilatory reduction of NO3
-
 to NH4
+ 1 0.08 0.01 0.12 0.03 0.14 0.01
ANH4 Adsorption of NH4
+
 on exchange sites 1 2.38 0.69 - - - -
DNH4a Desorption of NH4
+
 from exchange sites 1 2.39 0.77 0.08 0 0.09 0.01
ANO3 Adsorption of NO3
-
 on exchange sites 1 5.26 0.64 3.80 0.39 4.85 0.3
DNO3a Desorption of NO3
-
 from exchange sites 1 4.68 0.66 3.08 0.39 3.88 0.37
N transformation rate (µg N g
-1
 day
-1
)
Control Biochar-350°C Biochar-550°C
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treatments, the opposite occurred. From the NH4
+
 mineralized from Nrec, 79% (biochar-
350°C) and 55% (biochar-550°C) was immobilized into the Nlab pool. So in the biochar 
treatments, there was a net transfer of N from a more recalcitrant N pool (Nrec) to a more 
labile N pool (Nlab). In contrast to gross N mineralization and NH4
+
 immobilization, total 
net N mineralization was higher in the soil with biochar-550°C (0.78 µg N g
-1
 day
-1
) than 
with biochar-350°C (0.44 µg N g
-1
 day
-1
). Unlike in the control soil, the NH4
+
 adsorption-
desorption dynamics showed no gross NH4
+
 adsorption and a minor gross NH4
+
 release in 
the biochar treatments. Gross NO3
- 
adsorption and
 
desorption rates decreased 28% and 
34%, respectively, for the biochar-350°C and 8% and 17% for the biochar-550°C treatment 
compared with the control soil. Nevertheless net NO3
-
 adsorption (ANO3 - DNO3a) was 
higher in the biochar treatments (0.97 and 0.72 µg N g
-1
 day
-1
 for 550° and 350°C, 
respectively), because the gross adsorption and desorption rates did not decrease equally 
(Figure 3.3). Yet, the increase in net NO3
-
 adsorption was only significant (P < 0.05) 
between the control and biochar-550°C treatment. Gross nitrification rates increased with 
biochar addition compared with the control soil. For the biochar-550°C treatment, more 
NO3
-
 was produced by NH4
+
 oxidation (ONH4; 1.05 µg N g
-1
 day
-1
) than with the biochar 
produced at 350°C (0.68 µg N g
-1
 day
-1
).  
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 (a) 
 
 (b) 
 
(c) 
 
Figure 3.3 Mean gross (in grey) and net (in black) N transformation rates (in µg N g
-1
 day
-1
) 
between the different N pools in the control (a), biochar-350°C (b) and biochar-550°C (c) 
treatment. For the net N transformation rates, the width of the arrow indicates the importance of the 
rate.  
0.01
0.58
NrecNlab
NH4
+ NO3
-
NO3
-
ads
0.50
0.62
0.08
0
2.39 4.68
2.38
0.36
0.32
NH4
+
ads
5.26
0.50 0.04
0.54
0.08
0.72
NrecNlab
NH4
+ NO3
-
NO3
-
ads
0.56
0.68
0.12
2.19
0.08
0
0
2.07
NH4
+
ads
3.80
1.63
0.56
2.07
3.08
0.09
0.97
NrecNlab
NH4
+ NO3
-
NO3
-
ads
0.61
1.05
0.14
1.56
0.09 3.88
0
0
1.73
NH4
+
ads
4.85
0.95
1.73
0.91
Chapter 3   
 
40 
 
3.4 Discussion 
3.4.1 N mineralization and NH4
+ 
immobilization, adsorption and release 
Gross N mineralization (MNrec + MNlab) was stimulated when biochar was added to the soil. 
This increase was higher in the biochar-350°C than in the biochar-550°C treatment. Most 
of the mineralized NH4
+
 in the biochar treatments came from Nrec, while in the control soil, 
most mineralized NH4
+
 originated from Nlab. This could be due to the stimulation of 
microorganisms that can degrade more recalcitrant SOM in the presence of biochar, as 
suggested by Anderson et al. (2011). Because biochar is a very C-rich substrate with a high 
C:N ratio (Chapter 2), soil microorganisms will be triggered to decompose SOM in order 
to acquire N (Blagodatskaya and Kuzyakov, 2008). Luo et al. (2011) attributed their 
findings to the labile organic C material remaining in the biochar after pyrolysis. This 
available biochar C can stimulate microorganisms that respond quickly to the newly 
available biochar C (“r-strategists”), although these could also mineralize to some extent 
more complex SOC (Blagodatskaya and Kuzyakov, 2008; Fontaine et al., 2003; Kuzyakov, 
2010; Luo et al., 2011; Zimmerman et al., 2011). As a consequence, biochar addition to the 
soil could increase SOM turnover (Anderson et al., 2011; Wardle et al., 2008) and  result in 
a positive priming of native SOC (Luo et al., 2011). Nevertheless, other studies did not 
corroborate these priming effects of biochar (e.g. Cross and Sohi, 2011).  
The greater increase in gross mineralization rate in the biochar-350°C compared with the 
biochar-550°C treatment could be due to the larger labile C fraction in the lower-
temperature biochar, resulting in an increased activation of soil microorganisms. The HWC 
results, which are a measure for easily available carbon, lend further support to this 
hypothesis. In addition to the biochar stimulation of gross mineralization of Nrec in 
particular, there was also a faster immobilization rate into Nlab in the biochar treatments 
than in the control soil. This was probably due to the high C:N ratio of biochar labile-C 
compounds, resulting in net microbial immobilization of inorganic N present in the soil 
solution after biochar addition (DeLuca et al., 2009). All together biochar addition to soil 
accelerated the gross NH4
+
 turnover and transferred N from the Nrec to the, partly 
microbial, Nlab pool (Figure 3.3). As the gross total soil N mineralization rate was greater 
with biochar addition, it is thus suggested that biochar additions increases mineral N 
availability for plants by stimulating the production of NH4
+
, the energetically most 
favorable inorganic N form for plant uptake. 
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Besides higher microbial immobilization with biochar addition, at the start of the 
experiment more initial NH4
+
 adsorption was observed than in the control soil (Table 3.2), 
indicating a fast abiotic immobilization mechanism with biochar addition due to its high 
CEC (Chapter 2). The adsorption-desorption dynamics in the biochar treatments show no 
gross NH4
+ 
adsorption during the experiment. A possible explanation could be the initial 
lowered availability of NH4
+
 in the biochar-amended soils, as initial NH4
+
 adsorption was 
almost doubled in the biochar treatments compared with the control soil. Moreover, a fast 
gross biotic immobilization rate took place in the biochar-amended treatments and gross 
nitrification rates were increased, further reducing the standing NH4
+
 pool. Gross 
desorption rates (DNH4a) were very low, showing that NH4
+
 was strongly bound to the 
biochar. 
 
3.4.2 Production and consumption of NO3
-
 
Compared with the control soil, gross nitrification (ONH4) was stimulated by biochar 
addition, especially for the biochar-550°C treatment. In forest soils, nitrification rates have 
been shown to increase following charcoal addition. Ball et al. (2011) mentioned two 
mechanisms through which charcoal may influence autotrophic ammonia oxidation in 
forest soils. The first one is through absorbing potential allelochemical inhibitors of 
microbial metabolic pathways, such as monoterpenes and various polyphenolic compounds 
that are inhibitory to nitrification. The second mechanism relies on a change in local 
microsite pH due to the high alkalinity of charcoal. Autotrophic nitrification may occur in 
acidic soils only if there are near-neutral pH microsites available, as the key-enzyme in the 
nitrification pathway, ammonia mono-oxygenase, uses NH3 as a substrate rather than NH4
+
 
(Ball et al., 2011). DeLuca et al. (2006) found an increase in net nitrification in a forest soil 
with (field-collected) charcoal, which was attributed to the potential adsorption of certain 
organic compounds that inhibit nitrification. However, when testing charcoal in a grassland 
soil with a naturally high rate of net nitrification, no effect on nitrification potential was 
observed (DeLuca et al., 2006). As indicated by DeLuca et al. (2009), no studies have so 
far reported a stimulation of nitrification due to biochar addition in more intensively 
managed soils. Clough and Condron (2010) attributed the lack of such reports to (i) the 
presence of a relatively active nitrifying community in intensively managed soils, (ii) a 
lack of naturally occurring nitrification inhibitors in these soils, and (iii) a lack of research 
on this aspect. Therefore to our knowledge, this is the first study that reports increased 
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gross nitrification rates following biochar addition to an intensively managed arable soil. 
Plants, especially those growing under ecological stress conditions such as low pH, 
nutrient-poor conditions and short growing seasons, typically produce secondary 
metabolites such as terpenes and polyphenolic compounds (Thoss et al., 2004). Such stress 
conditions are often prevailing in boreal forests (Smolander et al., 2011). In contrast, crops 
grown in the agricultural soil used in our experiment normally do not experience 
ecological stress, which is why fewer secondary metabolites are expected to be present in 
this soil than in a forest soil. Therefore, it is suggested that the high pH of biochar is likely 
the main mechanism explaining the observed increase in gross nitrification rates after 
biochar addition in our soils. The pH of the biochar-550°C is 1.5 units larger compared 
with the biochar-350°C (Chapter 2) and could therefore explain the larger increase in gross 
nitrification rate for biochar-550°C. In addition, the greater gross N mineralization rates in 
the biochar treatments point to a continuously greater supply of substrate over the 
incubation period for autotrophic nitrifiers in these soils.  
Gross NO3
-
 adsorption (ANO3) and desorption rates (DNO3a) were lower with biochar 
addition compared with the control soil, indicating a reduction in soil anion exchange 
capacity (AEC) due to increased soil pH after biochar addition (see 3.1) (Qafoku et al., 
2004). However, due to a disproportional decrease in gross NO3
-
 adsorption and desorption 
rates, net adsorption rates (ANO3 - DNO3a) were higher in the biochar treatments (only 
significantly for the biochar-550°C). This indicates that short-term abiotic NO3
-
 adsorption 
is larger with biochar addition than without, and could explain the net NO3
- 
immobilization 
observed with biochar addition (Figure 3.2c). However, the mechanism for the short-term 
disproportional decrease in gross NO3
-
 adsorption and desorption rates is unclear. 
 
3.5 Conclusion 
Addition of the maize biochars used in this study to a C-poor loamy sand soil accelerated 
various gross N transformation processes in the short term, thereby transferring N from a 
recalcitrant soil pool to a more labile soil pool, especially for biochar produced at a lower 
pyrolysis temperature. This may induce a concomitant positive priming of native SOC but 
leads to an increase in plant available N. However, this N was quickly biotically 
immobilized, minimizing soil N losses. At the start of the experiment NH4
+
-N was quickly 
immobilized by adsorption, thereby reducing plant available N but minimizing potential 
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soil N losses. Nitrification was stimulated, likely because of higher substrate availability 
for nitrifying bacteria through the combination of an increase in gross N mineralization 
rate and higher pH with biochar addition. In conclusion, these types of biochar, produced 
from silage maize, accelerated soil N transformations in the short term, thereby increasing 
soil N bio-availability, through a combined effect of mineralization of the recalcitrant soil 
organic N pool and subsequent NH4
+
 immobilization in a labile soil organic N pool. 
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CHAPTER 4 
4 Temporal evolution of the impact of a woody 
biochar on soil nitrogen processes – 
a 15N tracing study 
After: Nelissen, V., Rütting, T., Huygens, D., Ruysschaert, G. & Boeckx, P., 2013. 
Temporal evolution of biochar’s impact on soil nitrogen processes – a 15N tracing study. 
GCB Bioenergy, in press.  
 
Abstract 
Biochar addition to soils has been proposed as a means to increase soil fertility and carbon 
sequestration. However, its effect on soil nitrogen (N) cycling and N availability is poorly 
understood. To gain better insight into the temporal variability of the impact of biochar on 
gross soil N dynamics, two 
15
N tracing experiments in combination with numerical data 
analysis were conducted with soil from a biochar field trial, one day and one year after 
application of a woody biochar type. The results showed accelerated soil N cycling 
immediately following biochar addition, with increased gross N mineralization (+34%), 
nitrification (+13%) and ammonium (NH4
+
) and nitrate (NO3
-
) immobilization rates 
(+4500% and +511%, respectively). One year after biochar application, biochar seemed to 
act as an inert substance regarding N cycling. In the short term, biochar labile C fraction 
and a pH increase can explain stimulated microbial activity, while in the longer term, when 
the labile C fraction has been mineralized and the pH effect has faded, the accelerating 
effect of biochar on N cycling has disappeared. In conclusion, biochar accelerates soil N 
transformations in the short term through stimulating soil microbial activity, thereby 
increasing N bio-availability. This effect is, however, temporary. 
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4.1 Introduction 
Global climate change and the search for alternatives to fossil fuels are major social, 
political, and economic challenges. It is unlikely that one single solution will be found to 
meet these challenges. However, an integrated agricultural biomass waste-bioenergy 
system could possibly make a significant contribution to the solution, meanwhile having 
the benefits of improving soil quality (Laird, 2008). During pyrolysis of biomass (waste 
materials), bio-oil, syngas and char are produced. Char is also a potential energy product, 
but when applying it to soil, it could improve soil quality and reduce nutrient leaching 
while sequestering carbon (Laird, 2008). Furthermore, biochar has the potential to decrease 
soil emissions of the greenhouse gases nitrous oxide (N2O) and methane (CH4) (Van 
Zwieten et al., 2010a; Liu et al., 2011; Stewart et al., 2012). For these reasons, biochar 
application to soils has gained interest worldwide as i) a climate change mitigation strategy 
and as (ii) a soil improver, increasing crop yield. A meta-analysis by Jeffery et al. (2011) 
revealed an average increase in crop productivity by 10% with biochar application in 
tropical and subtropical regions. They suggest that two of the main mechanisms for yield 
improvement may be a liming effect and the influence on the soil water holding capacity. 
A recent meta-analysis study from Biederman and Harpole (2013), including several 
studies from temperate regions, confirmed the overall positive effect of biochar application 
on aboveground plant production and yield. Moreover, they concluded that biochar 
addition to soil does not affect soil inorganic N concentrations.  
In contrast to the findings from field experiments, results from incubation experiments 
often show net nitrogen (N) immobilization after applying biochar to soil (Novak et al., 
2010; Bruun et al., 2011; Knowles et al., 2011; Ippolito et al., 2012; Nelissen et al., 2012 
(Chapter 3)), which may reduce crop growth in the short term. Mostly, this observation is 
explained through microbial immobilization (e.g. Ippolito et al., 2012) or abiotic sorption 
(e.g. Knowles et al., 2011) of ammonium (NH4
+
) and nitrate (NO3
-
). Also the review paper 
by Clough et al. (2013) mentions several mechanisms through which biochar could 
influence the N cycle, among which cation or anion exchange reactions and enhanced 
microbial immobilization of N as a consequence of labile C addition present in biochar. 
Moreover, as shown in the 
15
N tracing study in Chapter 3, maize biochars could accelerate 
gross mineralization-immobilization-turnover through a ‘priming’-type effect. It was 
indicated that the labile biochar C stimulated microbial activity for which the 
decomposition and gross N mineralization of the more recalcitrant soil organic matter 
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(SOM) pool was increased. In addition, gross nitrification rates could be increased after 
biochar addition because of higher substrate availability for nitrifying bacteria (Chapter 3). 
Soil microbial activity could not only be affected through the labile C fraction of biochar. 
Other micro-organism stimulating processes induced by biochar, e.g. a change in soil pH, 
microbial protection in biochar pores, bacterial adhesion or sorption of compounds that 
would otherwise inhibit microbial growth, could possibly increase the total microbial 
abundance or activity (Lehmann et al., 2011), thereby consuming more N and thus 
immobilizing N biotically. Clough et al. (2013) clearly highlighted the need for studies 
using a stable isotope modeling approach, as these can provide information on gross N 
dynamics. Moreover, the authors stress the need for biochar N studies that aim at 
investigating long-term analogues, such as charcoal-rich soils or aged versus fresh biochar 
studies.  
In order to investigate the temporal evolution of biochar effect on the gross rates of 
simultaneously occurring N transformations, we conducted two 
15
N tracing studies in 
combination with numerical data analysis (Müller et al., 2007) using sandy loam soil from 
a field trial amended with a woody biochar. For the first experiment we sampled 
immediately after biochar application; for the second experiment one year later. We 
hypothesized that (i) the woody biochar type used in the field trial would accelerate N 
cycling and that this effect would persist through time,  (ii) biochar labile C fraction and 
high pH are responsible for accelerated N cycling in the short term and (iii) considering the 
direct and indirect biochar effects on microbial growth and activity, biochar has a positive 
influence on PLFA microbial biomass and activity in the longer term, thereby affecting soil 
N cycling.   
 
4.2 Materials and methods 
4.2.1 Field trial, soil and biochar 
Soil was collected from a field trial, established in October 2011 at Merelbeke, Belgium 
(50°58′N, 3°46′E). The soil was a sandy loam (USDA) soil containing 5.4% clay (<2 µm), 
34.7% silt (2 – 50 µm) and 59.9% sand (50 – 2000 µm) in the 0-35 cm layer, and is 
classified as a Haplic Luvisol (WRB) (Dondeyne S., pers. comm., 2012). The experimental 
design was completely randomized. There were two treatments, including a control and 
biochar treatment, each in four replicates. Plot dimensions were 7.5 x 12 m², and the 
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biochar dose applied was 20 t ha
-1
,
 
calculated on an oven-dry base. The biochar was 
incorporated until a depth of 25 cm. The biochar used was produced at Carbon Terra 
(Germany). The feedstock used was a mixture from hard- and softwood (spruce, silver fir, 
Scots pine, beech and oak), and the pyrolysis temperature was 480°C. Biochar 
characteristics are described in Chapter 2. Spring barley was sown in spring 2012 and  
harvested in August. Soil moisture content was determined by oven-drying (24 h at 
105°C). Soil pH was measured in a 1 M KCl solution (1:5 v:v) (ISO 10390). Total carbon 
(TC) content was measured on oven dried (70°C) soil samples (ISO 10694) by dry 
combustion using a TC-analyzer (Primacs
SLC
, Skalar, the Netherlands). Total N content 
was also determined by dry combustion (Dumas principle, ISO 13878) (Flash 4000, 
Thermo Scientific, US). Soil mineral N was extracted in a 1 M KCl solution (1:5 w:v) (ISO 
14256-2) and measured using a continuous flow analyzer (FIAstar 5000, Foss, Denmark). 
All analyses were conducted at two different time points: one day and one year after 
biochar application (see below). 
Soil sampling for PLFA analysis occurred one year after biochar application (October 
2012), at the same moment as when soil sampling for the 
15
N tracing experiment took 
place (see 2.2). Soil was collected from the 0-25 cm of each plot in the field trial, and was 
frozen at -20°C. The extraction and quantification of phospholipid fatty acids (PLFAs) 
were performed based on the method described by Denef et al. (2007). Briefly, total lipids 
were extracted (1:3.9 soil/extractant) from 6 g freeze-dried soil using phosphate 
buffer/chloroform/methanol at a 0.9:1:2 ratio and partitioned into neutral, glyco- and 
phospho-lipids by silica gel solid phase extraction. The purified phospholipids were trans-
esterified by mild alkaline (using methanolic KOH) to form fatty acid methyl esters 
(FAMEs), which were analyzed by capillary gas chromatography (Trace GC 2000) 
coupled to mass spectrometry (Trace DSQ; Interscience, Belgium). Chromatographic 
separation was done on a FactorFour VF-23ms column (60 m x 0.25 mm with a df = 0.15 
µm; Varian Inc., USA). Standard mixtures of FAMEs with known concentrations were 
used for calibration with the methyl esters of iC12:0 and C19:0 used as internal standards.  
 
4.2.2 15N tracing experiment 
Soil was collected twice from the 0-25 cm layer of each plot in the field trial: one day after 
biochar incorporation (October 2011), and one year after biochar application, in October 
  Effects of biochar on soil N cycling 
49 
 
2012. Twenty soil samples (0-25 cm) were taken in each plot (auger diameter = 30 mm), 
and subsequently mixed, thoroughly homogenized and transferred to the lab. The soil was 
sieved at 8 mm, and stored in the fridge during three days. Soil moisture, soil pH, TC, TN 
and mineral N content were determined as described in 2.1. Three days after soil sampling, 
plastic tubes (180 ml, r = 2.5 cm, h = 10 cm) were filled with the equivalent of 70 g oven-
dry soil, thereby reaching a bulk density of 1.3 g cm
-
³. Subsequently, tubes were sealed 
with parafilm and incubated at 20°C. One day after filling the tubes, a water solution 
containing NH4
+
 and NO3
-
, in which one of the N moieties was labeled with 
15
N, was 
applied to the soil. To assure an even distribution of the applied N, 1.4 ml of the solution 
was injected through seven equally distributed template holes using a 1-ml syringe and a 9 
cm spinal needle that was inserted until the bottom of the tube and pulled up during the 
injection. In 2011, NH4
+
 and NO3
-
 were applied at a rate of 0.75 µg NH4Cl-N g
-1 
dry soil 
and 1.5 µg KNO3-N g
-1 
dry soil. NH4
+
 or NO3
-
 was 
15
N-labeled at 50 atom% excess. In 
2012, NH4
+
 and NO3
-
 were applied at a rate of 0.75 µg NH4Cl-N g
-1 
dry soil and 0.5 µg 
KNO3-N g
-1 
dry soil. NH4
+
 or NO3
-
 was 
15
N-labeled: NH4
+
 at 50 atom% excess and NO3
-
 at 
30 atom% excess. In 2012, the NO3
-
 concentration and 
15
N enrichment applied was 
adjusted compared to 2011 due to the lower NO3
-
 concentrations in 2012. Like in the field 
trial, there were two treatments (a control and biochar treatment) and four replicates (the 
field repetitions) per treatment. Temperature (20°C) was kept constant during the entire 
experiment.  
Soils were extracted 0.25, 2, 5, 28, 96 and 216 h after label addition with 120 ml 1 M KCl 
and shaken for 60 min. Ammonium in the extract was determined colorimetrically by the 
salycilate–nitroprusside method (Mulvaney 1996) on an auto-analyzer (AA3, Bran and 
Luebbe, Germany). Nitrate was determined colorimetrically using the same auto-analyzer 
in form of NO2
-
 after reduction of NO3
-
 in a Cd–Cu column followed by the reaction of the 
NO2
-
 with N-1-napthylethylenediamine to produce a chromophore. The NO3
-
 results were 
corrected for NO2
-
 present in the soil samples. The 
15
N contents of NH4
+
 and NO3
-
 were 
analyzed after conversion to N2O using a trace gas preparation unit (ANCA-TGII, PDZ 
Europa, UK) coupled to an Isotope Ratio Mass Spectrometer (IRMS) (20-20, SerCon, 
UK). Ammonium was converted by adding MgO to soil extracts and absorbing NH3 into 
H2SO4, after which N2O was produced by reaction with NaOBr (Hauck, 1982; Saghir et 
al., 1993). Nitrate was reduced by Cd–Cu at pH 4.7 to produce nitrite and NH2OH as 
intermediates of N2O (Stevens and Laughlin, 1994).  
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For the 2011 and 2012 experiments, for each sampling time, the soil sample from each 
tube was mixed and ca. 10 g of soil was taken out immediately before KCl-extraction (after 
which the remaining amount of soil was KCl-extracted). The non-extracted soil was dried 
at 65°C for 24 h, after which it was ground and analyzed for TN and 
15
N enrichment to 
control for gaseous 
15
N losses. In this way, it could be checked whether 
15
N was lost during 
the experiment, which would indicate gaseous losses.  
 
4.2.3 15N tracing model 
A numerical 
15
N tracing analysis tool was used to quantify multiple gross N transformation 
rates for each treatment (Müller et al., 2007). The advantages of this approach compared 
with analytical equations and more information about the model used can be found in 
Chapter 3. However, some important details, which were changed compared the model 
used Chapter 3 (e.g. pools and transformation rates used in the model), are given below. 
Data analysis was conducted with an initial model setup of six N pools and twelve 
transformations (see also Chapter 3). Several modifications in kinetic settings, considered 
N pools and included N transformations were tested to identify the model that best 
described the measured soil mineral N concentrations and respective 
15
N contents, 
governed by the Akaike Information Criterion (AIC), and modifications decreasing the 
AIC value were considered for the final data analysis (Burnham and Anderson, 2002; See 
Appendix Tables A1-A4). Four and five N pools were retained in the final models for the 
2011 and 2012 experiments, respectively. For both the 2011 and 2012 experiments, six N 
transformations were retained (Table 4.4). The transformations that were not considered in 
the final model, based on the AIC, were likely not occurring in the soil and hence the gross 
rates can be assumed to be zero. The N pools considered in the tracing model (Figures 4.3 
and 4.4) were ammonium (NH4
+
), nitrate (NO3
-
), an organic N pool (Norg), and a pool 
related to the adsorption of NH4
+
 (NH4
+
ads) and, for 2012, adsorbed NO3
-
 (NO3
-
ads). Of 
those, NH4
+
 and NO3
-
 were measured, while initial NH4
+
ads and NO3
-
ads, being the amounts 
of NH4
+
 and NO3
-
 that were instantaneously adsorbed after label addition, were inferred 
from 
15
N recovery in the KCl extracts following the method by Münchmeyer (2001), as 
described in Chapter 3. The calculations showed that biochar did not have an additional 
adsorption capacity for NH4
+
. Therefore, it was not necessary to correct this value, as was 
done for the experiment in Chapter 3. At the first soil extraction 15 min after label 
  Effects of biochar on soil N cycling 
51 
 
addition, 
15
N recovery in both 2011 and 2012 was 42-51% of added 
15
NH4
+
. Of added 
15
NO3
-
, 
15
N recovery was 100% in 2011 and 81-86% in 2012. Therefore, in the final model 
setup adsorbed NH4
+
 (NH4
+
ads) was considered in both years and adsorbed NO3
-
 (NO3
-
ads) 
in 2012 (Figures 4.3 and 4.4). While in the 
15
N tracing experiment in Chapter 3 the organic 
N pool was divided into a labile and recalcitrant organic N pool (Nlab and Nrec), this 
subdivision did not reduce the AIC value for this study, and therefore this subdivision has 
not been made. Thus, while in the Chapter 3, using two different mineralization-
immobilization kinetics improved the model fit, the experiments discussed here could be 
modeled using one overall mineralization-immobilization kinetics. 
The optimization algorithm was programmed in MatLab (Version 8.1 (R2013a), The 
MathWorks Inc.). This algorithm called the 
15
N tracing model, which was separately set up 
in Simulink (Version 8.1, The MathWorks Inc.). The initial (i.e. at t = 0 h) size and 
15
N 
content of the NH4
+
 and NO3
-
 pools were obtained by extrapolating the data for 0.25 and 2 
h back to 0 (Müller et al., 2004). Based on the final kinetic settings and model parameters, 
mean gross N fluxes were calculated by integrating the rates of the 216-h period divided by 
the total time (Rütting and Müller, 2007; Staelens et al., 2012).  
 
4.2.4 Model efficiency 
In order to assess the goodness of fit of the model, the Nash–Sutcliffe model efficiency 
coefficient (Nash and Sutcliffe, 1970) was calculated for each measured variable (NH4
+
, 
NO3
-
, 
15
N-NH4
+
, 
15
N-NO3
-
) for each labeled treatment (
15
NH4NO3 or NH4
15
NO3) for both 
years, according to the following equation:  
     
∑      ̂       
∑              
 
in which Yi and  ̂  are the observed and modeled values on day i,  and   is the mean of the 
observed values. Nash–Sutcliffe efficiencies can range from −∞ to 1, with E = 1 being the 
optimal value. An efficiency of E = 0 indicates that the model predictions are as accurate 
as the mean of the observed data, whereas an efficiency less than zero (E < 0) occurs when 
the observed mean is a better predictor than the model (Moriasi et al., 2007). 
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4.2.5 Statistical analyses 
Soil pH-KCl, TC, TN, C:N data and NH4
+
 and NO3
-
 concentrations 0.25 and 216 h after 
label addition were analyzed using independent t-tests using SPSS 20. Independent t-tests 
were also used to test whether the relative abundance of a given PLFA was significantly 
different between the control and biochar treatment. Also the sum of the absolute PLFA 
concentrations was analyzed using an independent t-test. 
The mean gross N transformation rates were compared statistically between the treatments 
using the 85% confidence interval, which is equivalent to testing at a significance level of 
0.05 (Payton et al., 2000; Rütting et al., 2010). 
 
4.3 Results 
4.3.1 Soil characterization 
Soil TC and C:N ratio were significantly (P < 0.02) increased by biochar addition, both in 
2011 and 2012 (Table 4.1). Biochar application to soil did not significantly (P > 0.05) 
affect soil pH and TN, neither in 2011 nor in 2012 (Table 4.1). 
One year after biochar application, soil microbial community structure was hardly changed 
in the biochar treatment compared to the control, as only the PLFA 10Me-C18:0, which is 
an indicator for actinomycetes, was significantly increased in the biochar treatment 
compared to the control (Table 4.2). Moreover, the sum of the absolute PLFA 
concentrations, which is indicative for the amount of microbial biomass, was not changed 
by biochar addition (386 ± 31 and 371 ± 25 nmol PLFA-C g
-1
 soil for the control and 
biochar treatment, respectively; mean ± standard error). 
Table 4.1 Soil characteristics at the start of the field trial (October 2011), and one year after 
biochar application (October 2012) (mean ± standard error; n = 4). 
 
TC = total carbon; TN = total nitrogen; C:N = carbon : nitrogen; moisture = (mass of water : mass of dry soil) 
x100 
Data in bold indicate significant mean differences between the control and biochar treatments (P < 0.05). 
 
Control 6.4 ± 0.2 0.8 ± 0.0 0.07 ± 0.00 11.5 ± 0.2 17.1 ± 0.5
Biochar 6.4 ± 0.2 1.1 ± 0.0 0.08 ± 0.00 14.4 ± 0.8 17.2 ± 0.4
Control 6.5 ± 0.2 0.9 ± 0.0 0.08 ± 0.00 11 ± 0.2 18.8 ± 0.4
Biochar 6.4 ± 0.1 1.2 ± 0.0 0.08 ± 0.00 14.9 ± 0.5 19.9 ± 0.2
2011
2012
pH-KCl TC TN C:N Moisture
- % % %
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Table 4.2 Mean relative abundance (mol % PLFA-C) ± standard error (n = 4) of individual PLFAs 
in the control and biochar treatment one year after biochar application. 
 
Data in bold indicate significant mean differences between the control and biochar treatments. 
Standard fatty acid nomenclature is used to describe PLFAs. The number before the colon refers to the total 
number of C atoms; the numbers following the colon refer to the number of double bonds and their location 
(after the ‘ω’) in the fatty acid molecule counting from the terminal (ω) methyl carbon. The prefixes ‘Me’, 
‘cy’, ‘i’, and ‘a’ refer to a methyl group, a cyclopropyl group, and iso- and anteiso-branched fatty acids, 
respectively. PLFAs were used as markers for specific bacterial or fungal groups according to Kroppenstedt 
et al. (1984),  Brennan (1988), O'Leary and Wilkinson (1988), Frostegård and Bååth (1996), Stahl and Klug 
(1996), Zelles (1997) and Olsson (1999). The universal PLFA C16:0, occurring in the membranes of all 
organisms, is generally the most abundant PLFA. 
 
 
 
 
Community PLFA P-value
Gram-positive bacteria i-C14:0 1.1 ± 0.1 1.1 ± 0.0 0.942
i-C15:0 10.4 ± 0.3 10.9 ± 0.2 0.258
a-C15:0 6.8 ± 0.2 6.9 ± 0.1 0.698
i-C16:0 2.6 ± 0.1 2.7 ± 0.0 0.619
i-C17:0 2.1 ± 0.1 2.2 ± 0.0 0.142
a-C17:0 1.2 ± 0.1 1.2 ± 0.1 0.930
Gram-negative bacteria C16:1ω7c 10.1 ± 0.3 9.9 ± 0.2 0.601
C16:1ω7t 1.8 ± 0.0 1.8 ± 0.1 0.225
C17:0cy 4.5 ± 0.2 4.2 ± 0.1 0.214
C18:1ω7c 10.5 ± 0.4 10.5 ± 0.3 0.991
C19:0cy 4.2 ± 0.3 4.4 ± 0.2 0.783
Actinomycetes 10Me-C16:0 2.8 ± 0.5 2.6 ± 0.5 0.842
10Me-C17:0 0.1 ± 0.0 0.1 ± 0.0 0.872
10Me-C18:0 1.0 ± 0.1 1.4 ± 0.0 0.002
Fungi C18:1ω9c 7.1 ± 0.2 6.8 ± 0.2 0.319
C18:2ω6,9c 5.3 ± 0.4 5.2 ± 0.3 0.891
AM Fungi C16:1ω5c 5.6 ± 0.2 5.6 ± 0.2 0.798
Non-specific bacteria C14:0 1.2 ± 0.0 1.2 ± 0.0 0.612
C15:0 0.7 ± 0.0 0.7 ± 0.0 0.805
C16:0 17.8 ± 0.3 17.8 ± 0.1 0.971
C17:0 0.5 ± 0.0 0.6 ± 0.0 0.187
C18:0 2.5 ± 0.1 2.4 ± 0.0 0.219
Control Biochar
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4.3.2 Measured mineral N pools and 15N enrichments 
In both 2011 and 2012 experiments, NH4
+
 concentrations were low (< 1.2 µg N g
-1
 soil) 
and decreased at the start of the experiment, after which they remained approximately 
constant (Figures 4.1a and 4.2a). In 2011, NO3
-
 concentrations increased until t = 96 h, 
after which they remained constant (Figure 4.1c). In 2012, NO3
-
 concentrations fluctuated 
in function of time (Figure 4.2c). NH4
+
 and NO3
- 
concentrations were not significantly (P ≥ 
0.05) affected by biochar application, neither at the start (t = 0.25 h), nor at the end (t = 216 
h) of the two experiments.  
In the 
15
NH4NO3 treatments, the fast decline in 
15
N enrichment in the NH4
+
 pool indicates a 
fast inflow of unlabeled NH4
+
 and points to high gross NH4
+
 production rates (Figures 4.1b 
and 4.2b). In addition, in these treatments the increase in 
15
N enrichment in the NO3
-
 pool 
indicates that labeled NH4 has been converted into 
15
NO3
-
 (Figures 4.1d and 4.2d). In the 
NH4
15
NO3 treatments, the decline in 
15
N enrichment in the NO3
-
 pool is due to inflow of 
unlabeled NO3
-
 originating from nitrification of unlabeled NH4
+
 (Figures 4.1d and 4.2d). 
The 
15
N enrichment in TN from the 2011 and 2012 experiments show that there was no 
evidence for gaseous N losses, as at the end of the experiment on average 100% and 96% 
of the added 
15
N was recovered for the 2011 and 2012 experiment, respectively. 
The model efficiency results (Table 4.3) show that in 2011 both NH4
+
 and NO3
-
 
concentrations in the 
15
NH4NO3 treatment could not be fitted well, especially in case of the 
control soil. However, NH4
+
 concentrations were overall very low. Furthermore the 
15
N-
NH4
+
 results in the NH4
15
NO3 treatment showed a negative E-value, indicating that the 
model did not predict the measured values better than the average of the measured values, 
which was expected as the data are constant over time.  This was also the case in 2012. In 
that year, the negative E-values for the NO3
- 
concentrations were due to the NO3
- 
concentration at t = 28 h. 
15
N-NO3
-
 results in the 
15
NH4NO3 treatment were 
underestimated, indicating that nitrification rates might be underestimated as well for both 
the control and biochar treatment. 
    Effects of biochar on soil N cycling 
55 
 
 
 
 
 
 
Table 4.3 Nash–Sutcliffe model efficiency coefficient for each measured variable (NH4
+
, NO3
-
, 
15
N-NH4
+
, 
15
N-NO3
-
) for each labeled treatment (
15
NH4NO3 
or NH4
15
NO3)  in 2011 and 2012. 
 
 
 
NH4
+ 
(µg g
-1
 soil)
15
N-NH4
+
 (atom%) NO3
- 
(µg g
-1
 soil)
15
N-NO3
-
 (atom%) NH4
+ 
(µg g
-1
 soil)
15
N-NH4
+
 (atom%) NO3
- 
(µg g
-1
 soil)
15
N-NO3
-
 (atom%)
Treatment
Control -9.55 0.99 -0.64 0.83 0.94 0.98 -0.58 0.06
Biochar 0.13 0.77 0.83 0.61 0.96 0.96 -2.00 0.49
Control 0.58 -0.86 0.32 0.81 0.92 -0.35 -0.95 0.57
Biochar 0.59 -0.76 0.82 0.89 0.96 -0.60 -1.82 0.91
2012
15
NH4NO3
NH4
15
NO3
15
NH4NO3
NH4
15
NO3
2011
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(a) (b) 
  
(c) (d) 
  
Figure 4.1 Measured (symbols) and modeled (lines) concentrations and 
15
N enrichments (mean ± 
standard error) of the NH4
+
 (a and b) and NO3
-
 (c and d) pools in the 2011 experiment. 
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(a) (b) 
  
(c)  (d) 
  
Figure 4.2 Measured (symbols) and modeled (lines) concentrations and 
15
N enrichments (mean ± 
standard error) of the NH4
+
 (a and b) and NO3
-
 (c and d) pools in the 2012 experiment. 
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4.3.3 Gross N transformation rates 
In the short-term experiment (October 2011), gross mineralization of the organic N pool to 
the NH4
+
 pool (MNorg), gross immobilization of NH4
+
 and NO3
-
 into Norg (INH4 and INO3), net 
mineralization (MNorg – INH4) and gross nitrification (ONH4) rates were significantly (P < 
0.05) higher in the biochar treatment compared to the control (Table 4.4, Figure 4.3). MNorg 
was 0.73 µg N g
-1
 day
-1
 for the control and 0.98 µg N g
-1
 day
-1
 for the biochar treatment 
(+34%), INH4 was 0.003 µg N g
-1
 day
-1
 for the control compared to 0.14 µg N g
-1
 day
-1
 for 
the biochar treatment (+4500%), while MNorg – INH4 was 0.73 µg N g
-1
 day
-1
 in the control 
and 0.84 µg N g
-1
 day
-1
 in the biochar treatment (+15%). Also the gross (ONH4) and net 
(ONH4 - DNO3) nitrification rates were significantly (P < 0.05) increased with biochar 
addition (ONH4 equals 0.90 in the biochar compared to 0.80 µg N g
-1
 day
-1
 in the control 
treatment; +13%). Immobilization of NO3
-
 into Norg (INO3) was five times higher in the 
biochar treatment (0.53 µg N g
-1
 day
-1
) compared to the control (0.09 µg N g
-1
 day
-1
). 
Despite ca. half of the labeled NH4
+
 was instantaneously adsorbed after label addition (see 
2.3), the NH4
+
 adsorption-desorption dynamics showed no gross NH4
+
 adsorption during 
the experiment, while there was a very slow release of NH4
+ 
(DNH4a) in both treatments 
(0.008 and 0.010 µg N g
-1
 day
-1
 for the control and biochar treatment, respectively) (Table 
4.4, Figure 4.3).  
In 2012, one year after biochar application, MNorg, ONH4, DNO3 and DNH4a in the control 
treatment showed similar rates as in 2011. Moreover, differences in gross transformation 
rates between the biochar and control treatments were significant (P < 0.05) but small 
(Table 4.4, Figure 4.4). The most important gross rates MNorg (-4%), ONH4 (-4%), ANO3 (-
12%) and DNO3a (-17%) were lower in the biochar than in the control treatment. Net 
nitrification (ONH4 - DNO3)  and NO3
-
 adsorption (ANO3 - DNO3a) rates were not significantly 
affected by biochar (P > 0.05). Despite quick NH4
+
 adsorption instantaneously after label 
addition (see 4.2.3), adsorption-desorption dynamics showed no gross NH4
+
 adsorption and 
a minor gross NH4
+
 release in both treatments. In contrast to the 2011 experiment, NO3
-
 
adsorption and release took place in 2012 in both treatments. 
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(a) (b) 
  
Figure 4.3 Mean gross (in gray) and net (in black) N transformation rates (in µg N g
-1
 day
-1
) 
between the different N pools in the control (a) and biochar (b) treatment for the 2011 experiment. 
For the net N transformation rates, the width of the arrow indicates the importance of the rate. 
 
 
(a)  
 
(b)  
 
Figure 4.4 Mean gross (in gray) and net (in black) N transformation rates (in µg N g
-1
 day
-1
) 
between the different N pools in the control (a) and biochar (b) treatment for the 2012 experiment. 
For the net N transformation rates, the width of the arrow indicates the importance of the rate. 
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Table 4.4 Gross rates (mean and standard errors (SE)) of soil N transformation processes in the control and biochar-amended treatments in 2011 and 2012. 
All gross N transformation rates differed significantly (P < 0.05) between the treatments. 
 
a
Kinetics: 0 = zero order, 1 = first order; 
Norg = soil organic N, NH4
+
 = ammonium, NO3
-
 = nitrate; - = transformations not considered in final model (see 2.3) 
Abbreviation Description Kinetics
a
Mean SE Mean SE Mean SE Mean SE
MNorg Mineralization of Norg to NH4
+ 0 0.731 0.000 0.980 0.001 0.784 0.001 0.755 0.000
INH4 Immobilization of NH4
+
 to Norg 1 0.003 0.000 0.138 0.005 - -
INO3 Immobilization of NO3
-
 to Norg 1 0.086 0.008 0.526 0.004 - -
ONH4 Oxidation of NH4
+
to NO3
- 1 0.801 0.000 0.902 0.001 0.878 0.001 0.839 0.000
DNO3 Dissimilatory reduction of NO3
-
 to NH4
+ 1 0.015 0.000 0.013 0.000 0.018 0.000 0.008 0.000
DNH4a Desorption of NH4
+
 from exchange sites 1 0.008 0.000 0.010 0.000 0.001 0.000 0.003 0.000
ANO3 Adsorption of NO3
-
 on exchange sites 1 - - 2.640 0.052 2.317 0.012
DNO3a Desorption of NO3
-
 from exchange sites 1 - - 1.937 0.055 1.612 0.010
N transformation rate (µg N g
-1
 day
-1
)
2011 2012
Control Biochar Control Biochar
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4.4 Discussion 
The general trends observed in the short-term experiment described in Chapter 3, in which 
two maize biochars were applied to a loamy sand soil one day before 
15
N addition, were 
confirmed in the 2011 experiment (which was started just after biochar application), being 
(i) stimulation of gross N mineralization and immobilization and (ii) stimulation of gross 
(and net) nitrification. An increase in gross N mineralization could be explained by 
stimulation of microorganisms degrading more recalcitrant soil organic matter (SOM) 
(Anderson et al., 2011), resulting in positive priming of native soil organic C. An increase 
in gross immobilization could be due to the labile C fraction of biochar (Chapter 2), 
resulting in microbial demand for inorganic N present in the soil solution (DeLuca et al., 
2009). However, also other micro-organism stimulating processes induced by biochar, e.g. 
a change in soil pH, microbial protection in biochar pores, bacterial adhesion or sorption of 
compounds that would otherwise inhibit microbial growth, could possibly increase the total 
microbial abundance or activity (Lehmann et al., 2011), thereby consuming more N and 
thus immobilizing N biotically. An increase in gross nitrification could be expected, as 
biochar application is supposed to enhance nitrification due to adsorption of certain organic 
compounds like phenolics (DeLuca et al., 2006) or due to soil pH increase with biochar 
addition (Chapter 3). However, as explained in Chapter 3, the first mechanism is unlikely 
to be dominant as an agricultural soil was used in our study (the biochar field trial). In 
addition to stimulation of autotrophic nitrification in high pH microsites due to the high 
alkalinity of the biochar, the NH4
+
 substrate supply for autotrophic nitrifiers could be 
increased due to the faster mineralization rate with biochar application. Altogether, biochar 
addition to soil resulted in a closing of the N cycle, meaning that a large fraction of 
mineralized, hence available N was subsequently immobilized again, either in the form of 
NH4
+
 or NO3
-
 (Figure 4.3). In contrast, in the control the N-cycle was more ‘open’, as only 
a small fraction of mineralized N was immobilized, which poses a risk for NO3
-
 leaching 
losses, which could not be measured in our study. Our findings are in contrast to results 
from Cheng et al. (2012), who did not observe differences in gross N mineralization, 
nitrification and NH4
+
 and NO3
-
 immobilization rates during 7 days after biochar addition 
to an agricultural soil, potentially because of the rather low biochar dose applied (0.29%). 
Also in our study, a rather low biochar dose was applied (20 t ha
-1
, which corresponds to 6 
g kg
-1
 (0.60%) assuming a soil depth of 0.25 m and a soil bulk density equal to 1.3 g cm
-3
). 
However, the C content of the soil used in the study from Cheng et al. (2012) was 7.3%, 
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while in our study, this was 0.8%. It seems therefore likely that biochar addition to a soil 
type with a low C content has a much larger effect compared to adding biochar to a high-C 
content soil type. The study from Castaldi et al. (2011), in which rather high biochar doses 
were applied (30 and 60 t ha
-1
) to a soil type with a C content of 2.1%, shows no 
differences in net nitrification rates three months after biochar application (which is mid-
term compared to our time frame), but shows net mineralization in the biochar treatment 
while in the control net NH4
+
 immobilization took place. Also an increased soil respiration 
was observed at that time in the biochar treatments. These effects were in part explained by 
the increased soil pH after biochar application, which could also be the case in our study in 
high pH microsites close to biochar particles, despite the lack of a significant difference in 
bulk soil pH between the control and biochar treatments. 
In contrast to the short-term response, one year after biochar application, the accelerating 
effect upon biochar application on the N cycle had disappeared; gross transformation rates 
were  slightly but significantly decelerated compared to the control while net nitrification 
and NO3
-
 adsorption was not significantly affected. This indicates that the stimulating 
effect of biochar on key gross N transformation rates is temporarily, probably due to the 
fact that biochar properties have changed over one year. Biochar labile C fraction, which 
could have been responsible for the short-term increase in (i) gross N immobilization and 
(ii) gross N mineralization through stimulating microorganisms able to degrade more 
recalcitrant SOM (Anderson et al., 2011), has been mineralized, and the effect of biochar 
pH, through which microbial activity or abundance could be affected and gross 
nitrification could be increased, is transient, as shown by Jones et al. (2012) and Castaldi et 
al. (2011). Jones et al. (2012) observed that the biochar pH-H2O had decreased from 8.8 
when fresh to 6.7 three years after burying in the soil. Also Castaldi et al. (2011) observed 
a transient biochar pH-effect in a biochar field trial, as soil pH-H2O was significantly 
higher in the biochar treated soil compared to the control three months after biochar 
incorporation, while 11 months later no significant difference was observed. Moreover, the 
same trend regarding net mineralization was observed like three months after biochar 
application (i.e. net mineralization in the biochar treatment while in the control net NH4
+
 
immobilization took place), but the differences were not statistically significant anymore. 
One year after biochar application, also our results suggest that, regarding N cycling, 
biochar acts as an inert substance. This is in part confirmed by the PLFA results, showing 
that the amount of microbial biomass and soil microbial community structure was not 
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affected by biochar addition, except for 10Me-C18:0 being higher in the biochar compared 
to the control. This increase could be explained by the physiologically adaptation of 
actinomycetes to degrade carbon-rich, recalcitrant materials (O’Neill et al., 2009). These 
results are in contrast to our hypothesis that biochar would affect the soil microbial 
community structure to a greater extent in the longer term. 
 
4.5 Conclusion 
Altogether, our results show that application of a woody biochar type to a C-poor sandy 
loam soil accelerated N cycling just after biochar addition through stimulating soil 
microbial activity, thereby increasing N bio-availability through increased mineralization 
and nitrification rates. In the short term, plant available N is thus likely to increase, but in 
the absence of plants, available N was quickly biotically immobilized. One year after 
biochar addition, results show that these effects are temporarily, probably due to the 
transient effects of biochar pH and labile C fraction. In the short term, possibly a positive 
priming effect took place, thus reducing SOM content.  
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CHAPTER 5 
5 The effect of different biochar types on physical 
properties of two soils under laboratory 
conditions 
After: Nelissen, V., Manka’Abusi, D., Ruysschaert, G., Boeckx, P. & Cornelis, W., 
submitted. The effect of different biochar types on physical properties of two soils under 
laboratory conditions. Geoderma. 
 
Abstract 
Agriculture will have to adapt to climate change. Increasing the soil water storage capacity 
is  in this context important to resist periods of drought. Biochar could be part of a long-
term adaptation strategy, as it could improve soil physical properties. The aim of our study 
was therefore to investigate the effect of various biochar types and doses on physical 
properties of a sandy loam and a loam soil type. To reach this objective, bulk density, 
porosity and soil water retention curves of biochar-soil treatments were determined, and 
physical soil quality parameters were derived from the curves. A biochar dose of 5 g kg
-1
 
was not sufficient to reduce soil bulk density. At higher biochar doses (10 or 20 g kg
-1
), 
bulk density was decreased and in the loam soil at both biochar doses, total porosity 
increased. Despite these differences, no effects on soil water retention characteristics and 
its derived physical soil quality parameters were detected except for soil water content at 
high matric heads (between h = -10 and -100 cm), which was decreased in the sandy loam 
soil with biochar addition. However, soil macroporosity (pores > 300 µm corresponding to 
h > -10 cm) possibly increased after biochar addition. Plant available water holding 
capacity did not increase, which implies that biochar addition to soil does not positively 
affect soil water storage under any conditions. 
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5.1 Introduction 
Agriculture will have to adapt to climate change. According to the IPCC Third Assessment 
Report (Alcamo et al., 2007), climate modeling results show an increase in annual 
temperature in Europe of 0.1 to 0.4°C decade
-1
 over the 21
st
 century. Precipitation in 
northern Europe is predicted to increase and in southern Europe to decrease, and it is likely 
that the seasonality of precipitation will change and the frequency of intense precipitation 
events will increase, especially in winter. Moreover, it is very likely that the intensity and 
frequency of summer heat waves will increase throughout Europe. Short-term adaptation 
of agriculture may include changes in crop species, cultivars and sowing dates, whereas 
feasible long-term adaptation measures may include changing the allocation of agricultural 
land according to its changing suitability under climate change (Alcamo et al., 2007). Also 
biochar, the stable carbon rich product obtained when biomass is pyrolyzed, could be part 
of a long-term adaptation strategy. As biochar could affect soil physical properties like soil 
structure, porosity, particle density and water storage capacity (Atkinson et al., 2010), soil 
to which biochar is added has the potential to retain more soil water during periods of 
drought. The way in which biochar influences soil physical properties depends a.o. on 
feedstock type, pyrolysis conditions, biochar application rate and environmental conditions 
(Mukherjee and Lal, 2013). Soil bulk density has been shown to decrease (e.g. Laird et al., 
2010; Basso et al., 2013) whereas porosity could increase with biochar application 
(Oguntunde et al., 2008). Basso et al. (2013), Brockhoff et al. (2010) and Liu et al. (2012) 
determined soil water retention curves from biochar-soil mixtures, and observed an 
increased plant available water capacity (PAWC) with biochar addition. Determination of 
soil water retention curves is important, as an increase in soil water content or field 
capacity with biochar addition does not automatically imply an increase in plant available 
water content. Kinney et al. (2012) observed biochar field capacities ranging between 1 g 
g
-1
 and 11 g g
-1
; some biochars are thus able to hold more than ten times their own mass in 
water. Tryon (1948) showed that plant available water was increased in a sandy soil 
amended with biochar, whereas plant available water did not change in a loam soil and 
even decreased in a clay soil. This demonstrates that biochar effects on physical soil 
properties is not only biochar type but also soil texture dependent.  
In general little scientific literature has been published on effects of biochar on physical 
soil properties, and most studies only investigate one or a limited number of biochar types. 
Moreover, soil water retention curves are not always completely determined. When the 
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shape of the curve changes, the pore-size distribution changes, thereby possibly 
influencing the PAWC. This capacity could also be affected when the water retention 
curve shifts. 
The aim of our study was to investigate the effect of various biochar doses and biochar 
types,  produced from a range of feedstocks and pyrolysis temperatures, on soil physical 
properties in a sandy loam and loam soil type. In order to reach this objective, soil water 
retention curves, bulk density and porosity of soil-biochar mixtures were determined, and 
physical soil quality indicators were derived from the retention curves. Our main 
hypotheses were that biochar addition to soil (i) decreases soil bulk density and increases 
porosity, and thus also saturated volumetric water content; (ii) changes the soil water 
retention curve in a way that  plant available water capacity increases; (iii) improves soil 
quality as expressed in terms of indicators derived from the water retention curves. 
 
5.2 Materials and Methods 
5.2.1 Biochar 
In this experiment, all biochars described in Chapter 2 are used, except for the wood 
mixture biochar. Biochar characteristics are described in Chapter 2. 
 
5.2.2 Soil 
Two soil types were used in the experiments. The first was a sandy loam (USDA) soil 
containing 5.4% clay (<2 µm), 34.7% silt (2 – 50 µm) and 59.9% sand (50 – 2000 µm). It 
was collected in August 2011 from the 0-25 cm layer of an agricultural field located at 
ILVO in Merelbeke, Belgium (50°58′N, 3°46′E). The second soil type was a loam (USDA) 
soil containing 19.6% clay, 41.7% silt and 38.7% sand. It was collected in August 2011 
from the top layer of an embankment located in Drechterland, the Netherlands (52°38’N, 
5°12’E). After sampling, the soil was air-dried and sieved to obtain the < 2 mm fraction. 
Soil pH was measured in a 1 M KCl solution (1:5 v:v) (ISO 10390). Total organic carbon 
(TOC) content was measured on oven dried (70°C) soil samples by dry combustion at 1050 
°C (ISO 10694) using a TOC-analyzer (Primacs
SLC
, Skalar, the Netherlands), and total 
nitrogen (TN) content was determined by dry combustion according to the Dumas 
principle (ISO 13878) (Flash 4000, Thermo Scientific, US).  
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5.2.3 Soil water retention characteristics, bulk density and derived 
physical soil quality indicators  
Biochar of all ten types, sieved to 1-5 mm size fraction, was mixed with the sandy loam 
soil at a dose of 5 g dry biochar kg
-1 
dry soil. For the willow-550°C, pine-550°C, maize-
550°C, beech and cane biochars, extra treatments with a biochar dose of 10 g kg
-1
 were 
prepared. The loam soil was amended with two contrasting biochar types (beech and cane) 
at two different biochar doses: 5 g kg
-1
 and 20 g kg
-1
. Also a control without biochar was 
included for each soil type. Kopecky rings were entirely filled with an unknown amount of 
these mixtures, without compressing the soil to a predetermined bulk density. Thereafter, 
the 1000-knock method was used using a volumetric analyzer (J. Engelsmann AG, 
Germany) in order to establish the bulk density in the ring. The resulting bulk density in 
each ring was measured afterwards by determining the filled ring height and the mass of 
the soil or soil-biochar mixture, as explained further. This method was chosen since 
compressing the soil to a predetermined bulk density was not possible due to the diverse 
particle densities of the biochar types and doses used in the experiment. There were four 
replicates per treatment. After filling the rings, soil water retention curves (SWRC) of the 
rings were constructed by measuring soil water content at nine soil matric heads following 
the procedure described by Cornelis et al. (2005). For the pressure heads -10 cm, -30 cm, -
50 cm, -70 cm and -100 cm, a sand box apparatus (Eijkelkamp Agrisearch Equipment, 
Giesbeek, the Netherlands) was used. After having determined the sample mass at 
equilibrium at -100 cm, the filled ring height was measured and four subsamples were 
taken from the Kopecky-ring. One subsample (20 - 30g) was oven dried at 105°C during 
24 hours, after which bulk density as well as water content on a volumetric basis at the 
pressures between -10 and -100 cm could be calculated. The other three subsamples were 
used to determine water content at the pressure heads -340 cm, -1020 cm and -15300 cm, 
using a pressure plate (Soilmoisture Equipment, Santa Barbara, California, US), following 
the procedure described by Cornelis et al. (2005).  
Porosity (Φ) was calculated as:        
      
  
  
 
(1) 
where ρb is the bulk density in g cm
-3
 and ρs is the particle density in g cm
-3
,
 
which was 
determined with the pycnometer method (Blake and Hartge, 1986). 
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The water retention data were fitted using the function of van Genuchten (1980) using 
RETC (RETention Curve) software version 6.0 (van Genuchten et al., 1991): 
 
         
      
          
 
(2) 
where θ is the volumetric water content (cm3 cm-3) as function of the soil matric head h 
(cm) (taken as a positive value); θr and θs are the residual and saturated soil water contents 
(cm
3
 cm
-3
), respectively, obtained by fitting the van Genuchten function to the measured 
retention data. Also α, n and m (= 1 – 1/n) are parameters obtained by fitting the van 
Genuchten function to the measured retention data, with α expressed in cm-1 and n and m 
being dimensionless. α is related to the inverse of the air entry pressure, and n is a measure 
of the pore-size distribution (van Genuchten and Nielsen, 1985). Modelled volumetric 
water content values were used to evaluate the specific water capacity δθ/δh versus h. The 
relative maximum of this function indicates the inflection point of the SWRC (Baetens et 
al., 2009), corresponding to the size of pores that are, according to the capillary equation, 
most subjected to draining when drying out and that are most abundant.  
Physical soil quality parameters were derived from the SWRC experiment. The soil quality 
indicators matrix porosity (MatPor), macroporosity (MacPor), air capacity (AC), plant 
available water capacity (PAWC) and relative water capacity (RWC) were calculated as 
follows (Reynolds et al., 2007):  
            (3) 
                   (4) 
             (5) 
                 (6) 
 
     
   
  
    
  
  
 
(7) 
where θm (cm
3
 cm
-3
) is the soil matrix porosity (cm
3
 cm
-3
), which can be defined as the 
saturated volumetric water content of the soil matrix exclusive of macropores, as derived 
from the van Genuchten equation. In this study, θm was determined at matric heads of -50 
cm, which corresponds to matrix pore diameters of ≤ 60 µm. Macroporosity (MacPor) thus 
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comprises pore diameters of > 60 µm.  θFC and θPWP are the volumetric water contents at 
field capacity (h = -340 cm) and permanent wilting point (h = -15300), respectively, as 
derived from the van Genuchten equation. Soil AC is an indicator of soil aeration, PAWC 
indicates the potential of to store and provide water that is available to plant roots, and 
RWC expresses the potential to store water (and air) relative to the soil total pore volume, 
as represented by θs (Reynolds et al., 2007). 
Moreover, the S-index of Dexter (2004), a measure of soil microstructure that can be used 
as a physical soil quality parameter, was calculated using following equation: 
 
            (
    
   
)
 
 
    
 
(8) 
A more negative S-value indicates a better physical soil quality. 
 
5.2.4 Statistical analyses 
Statistical analyses were conducted using SPSS 20. First, it was tested whether bulk 
density, particle density, porosity, the soil quality indicators derived from the water 
retention curves, and measured θh=-10cm, θFC and θPWP were affected by biochar addition, 
using a one-way ANOVA with factor biochar treatment, including the biochar types and 
the control. This one-way ANOVA was undertaken for each biochar dose and each soil 
type separately. Thus, for the sandy loam soil, there were 11 levels for the low and six 
levels for the high dose, while for the loam soil, there were three levels for both biochar 
doses. In case the factor biochar type was significant, post-hoc tests were used to compare 
treatment means: a LSD-test was performed to compare the biochar treated soils with the 
control, as these are planned comparisons, while a Scheffé-test was used to compare the 
treatment means in between the biochar treated soils, as these are unplanned comparisons. 
Second, a two-way ANOVA with factors biochar dose and biochar type was used to test 
whether biochar dose affected the measured and derived parameters. In this ANOVA, only 
the biochar types for which two biochar doses were tested were included.  
In case a P-value was ≤ 0.10, the P-value is mentioned in the results section; a P-value < 
0.05 is considered to be statistically significant. A P-value > 0.10 indicates statistical 
insignificance and is therefore not mentioned in the text.  
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5.3 Results 
5.3.1 Soil characterization 
The pH-KCl of the sandy loam soil was neutral (6.5), and TOC and TN were 0.83% and 
0.08%, respectively. The loam soil showed a higher pH (7.8) but a very low TOC content 
(0.57%); TN was 0.12%. 
 
5.3.2 Bulk and particle density, soil water retention characteristics and 
derived soil quality indicators  
In the sandy loam soil, bulk density was not significantly influenced when a biochar dose 
of 5 g kg
-1
 was applied, while at a dose of 10 g kg
-1
, bulk density generally decreased (P = 
0.08) compared to the control. Moreover, bulk density was significantly decreased (P < 
0.01) with 10 g kg
-1
 biochar addition (on average 1.37 g cm
-3
) compared to when 5 g kg
-1
 
biochar was applied (on average 1.43 g cm
-3
). In the loam soil, bulk density decreased with 
beech and cane biochar application, although only significantly (P = 0.002) at a dose of 20 
g kg
-1
 (on average 1.11 g cm
-3
 compared to 1.23 g cm
-3
 in the control) (Table 5.1).  
Particle density in the control was 2.64 g cm
-3 
for the sandy loam and 2.55 g cm
-3 
for the 
loam soil, and these values were not significantly affected with biochar addition (Table 
5.2). There was a trend for a lower particle density with 5 g kg
-1
 biochar application in the 
sandy loam soil (P = 0.06). In this soil type, biochar application did not affect porosity 
when compared to the control. However, porosity was significantly higher (P < 0.01) with 
10 g kg
-1
 biochar addition (0.47 cm
3
 cm
-3
) compared to when a dose of 5 g kg
-1 
was applied 
(0.45 cm
3
 cm
-3
).
 
In the loam soil, porosity significantly increased from 0.52 cm
3
 cm
-3 
in the 
control to 0.55 and 0.57 for the 5 g kg
-1 
(P = 0.04) and 20 g kg
-1
 (P < 0.001) biochar doses, 
respectively (Table 5.3). Porosity was significantly higher at the 20 g kg
-1
 biochar dose 
compared to the 5 g kg
-1
 dose (P = 0.03). 
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Table 5.1 Bulk density (g cm
-3
) in the control and biochar treatments in a sandy loam and loam soil 
(mean ± standard error).  
 
 
Table 5.2 Particle density (g cm
-3
) in the control and biochar treatments in a sandy loam and loam 
soil (mean ± standard error). 
 
 
Table 5.3 Porosity (cm cm
-3
) in the control and biochar treatments in a sandy loam and loam soil 
(mean ± standard error). 
 
 
 
Control 1.41 ± 0.03 1.23 ± 0.02
Beech-600°C 1.46 ± 0.06 1.41 ± 0.03 1.16 ± 0.02 1.15 ± 0.03
Cane-600°C 1.41 ± 0.01 1.39 ± 0.03 1.18 ± 0.03 1.07 ± 0.02
Willow-450°C 1.36 ± 0.04
Willow-550°C 1.46 ± 0.04 1.38 ± 0.03
Willow-650°C 1.47 ± 0.05
Pine-450°C 1.43 ± 0.02
Pine-550°C 1.44 ± 0.03 1.40 ± 0.01
Pine-650°C 1.41 ± 0.05
Maize-350°C 1.41 ± 0.03
Maize-550°C 1.42 ± 0.04 1.28 ± 0.05
Mean 1.111.41 1.43 1.37 1.23 1.17
Sandy loam Loam
0 g kg
-1 
5 g kg
-1
10 g kg
-1
0 g kg
-1
5 g kg
-1
20 g kg
-1
Control 2.64 ± 0.04 2.55 ± 0.04
Beech-600°C 2.61 ± 0.01 2.66 ± 0.08 2.59 ± 0.01 2.58 ± 0.02
Cane-600°C 2.54 ± 0.03 2.59 ± 0.02 2.59 ± 0.01 2.59 ± 0.01
Willow-450°C 2.59 ± 0.01
Willow-550°C 2.62 ± 0.04 2.58 ± 0.01
Willow-650°C 2.56 ± 0.02
Pine-450°C 2.60 ± 0.01
Pine-550°C 2.59 ± 0.03 2.56 ± 0.02
Pine-650°C 2.59 ± 0.01
Maize-350°C 2.55 ± 0.01
Maize-550°C 2.53 ± 0.02 2.58 ± 0.02
Mean 2.592.64 2.58 2.59 2.55 2.59
Sandy loam Loam
0 g kg
-1 
5 g kg
-1
10 g kg
-1
0 g kg
-1
5 g kg
-1
20 g kg
-1
Control 0.46 ± 0.02 0.52 ± 0.00
Beech-600°C 0.44 ± 0.02 0.47 ± 0.02 0.55 ± 0.01 0.56 ± 0.01
Cane-600°C 0.45 ± 0.01 0.46 ± 0.01 0.54 ± 0.02 0.59 ± 0.01
Willow-450°C 0.47 ± 0.01
Willow-550°C 0.45 ± 0.01 0.47 ± 0.01
Willow-650°C 0.43 ± 0.02
Pine-450°C 0.45 ± 0.01
Pine-550°C 0.44 ± 0.02 0.45 ± 0.00
Pine-650°C 0.46 ± 0.02
Maize-350°C 0.45 ± 0.01
Maize-550°C 0.44 ± 0.01 0.50 ± 0.02
Mean 0.570.46 0.45 0.47 0.52 0.55
Sandy loam Loam
0 g kg
-1 
5 g kg
-1
10 g kg
-1
0 g kg
-1
5 g kg
-1
20 g kg
-1
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Figures 5.1 and 5.2 show the modelled (lines) and observed (symbols) soil water retention 
curves for the control and biochar amended treatments in the sandy loam and loam soil, 
respectively. In the sandy loam soil, measured volumetric soil water contents were 
generally lower in the biochar treatments compared to the control soil at high soil matric 
heads ranging from h = -10 to h = -100 cm. At h = -10 cm, volumetric soil water content 
was significantly lower in the willow-450°C, pine-450°C, pine-550°C and cane biochar 
treatments at a 5 g kg
-1
 dose compared to the control (P < 0.04). Also willow-550°C and 
beech biochar addition seem to reduce the water content at h = -10 cm (P = 0.05) (LSD-
test). At a biochar dose of 10 g kg
-1
, all biochar types reduced soil water content at h = -10 
cm significantly (P < 0.03) (LSD-test). No significant differences were found between the 
biochar doses or types (Scheffé-test). In the loam soil, biochar addition did not affect 
volumetric water content at h = -10 cm. In both soil types, measured θFC and θPWP were not 
significantly affected by biochar addition, and no biochar dose effect was observed. 
(a) (b) 
  
(c) (d) 
 
 
Figure 5.1 Observed mean water contents (symbols; n = 4) at several pressure heads and modeled 
(lines) soil water retention curves for the control and biochar amended treatments in the sandy loam 
soil: (a) willow, (b) pine, (c) maize and (d) beech and cane biochar treatments. Soil matric heads at 
which field capacity (FC) and wilting point (WP) were measured are indicated on the x-axis.  
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Figure 5.2 Observed mean water contents (symbols; n = 4) at several pressure heads and modelled 
(lines) soil water retention curves for the control and biochar amended treatments in the loam soil. 
Soil matric heads at which field capacity (FC) and wilting point (WP) were measured are indicated 
on the x-axis.  
Specific water capacity results (Figures 5.3 and 5.4) show that generally (i) the maximum 
of this function is higher in the control than in the biochar treatments and (ii) the maximum 
is reached at lower soil matric heads. This indicates that the biochar treatments show (i) a 
broader pore size distribution and (ii) a smaller dominant pore size compared to the 
control.  
(a) (b) 
  
(c) (d) 
  
Figure 5.3 Mean specific water capacity (δθ/δh) versus soil matric head h (n = 4) for the control 
and biochar amended treatments in the sandy loam soil: (a) willow, (b) pine, (c) maize and (d) 
beech and cane biochar treatments. 
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Figure 5.4 Mean specific water capacity (δθ/δh) versus soil matric head h (n = 4) for the control 
and biochar amended treatments in the loam soil. 
 
Table 5.4 shows the van Genuchten parameters, saturated soil water content, field capacity, 
permanent wilting point and residual water content as derived from the water retention 
curves, and the derived soil quality indicators for the control and biochar treatments in the 
sandy loam and loam soil at biochar doses of 10 g kg
-1
 and 20 g kg
-1
, respectively. Data for 
the biochar dose of 5 g kg
-1
 soil are not shown here. In the sandy loam soil, θs  was 
significantly lower in the biochar treatments compared to the control soil at a biochar dose 
of 5 g kg
-1
 (P ≤ 0.05), except for the pine-650°C and maize-350°C treatments (LSD-test), 
for which P values were 0.08 and 0.07, respectively. No significant differences were 
observed between the biochar treated soils (Scheffé-test). At 10 g kg
-1
, there was a trend 
for a lower θs with biochar addition, but this trend was not statistically significant (P = 
0.06). MatPor was significantly reduced (P ≤ 0.02) in the biochar treatments compared to 
the control (LSD-test) soil at a dose of 5 g kg
-1
, except for pine-650°C and maize-350°C, 
but no differences were observed between the biochar treated soils (Scheffé-test). At 10 g 
kg
-1
, no significant effect of biochar was observed. Regarding the parameters α, n, m, θFC, 
θPWP, θr, S, MacPor, AC, PAWC and RWC, no significant differences or trends were 
observed. In the loam soil, neither significant differences between the treatments nor trends 
were observed for the parameters tested (α, n, m, θs, θFC, θPWP, θr, S, MacPor, MatPor, AC, 
PAWC, RWC). 
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Table 5.4 van Genuchten parameters, saturated soil water content, field capacity, permanent wilting point, residual water content and derived soil quality 
indicators in the control and biochar treatments in a sandy loam (biochar dose: 10 g kg
-1
) and loam (biochar dose: 20 g kg
-1
) soil (mean ± standard error) 
α, n and m are parameters obtained by fitting the van Genuchten equation to the measured retention data; θs = saturated soil water content; θFC = volumetric water content 
at field capacity; θPWP = volumetric water content at permanent wilting point;  θr = residual soil water content; MatPor = matrix porosity; MacPor = macroporosity; AC = 
air capacity; PAWC = plant available water capacity; RWC = relative water capacity 
 
 
 
Parameter
Control Beech-600°C Cane-600°C
α (x 10-2) (cm-1) 0.73 ± 0.06 0.63 ± 0.04 0.55 ± 0.06 0.61 ± 0.04 0.58 ± 0.01 0.60 ± 0.03 3.41 ± 0.90 3.10 ± 0.79 3.03 ± 0.92
n (-) 2.92 ± 0.42 2.98 ± 0.28 3.73 ± 0.69 2.66 ± 0.22 3.38 ± 0.23 3.31 ± 0.17 1.48 ± 0.05 1.49 ± 0.05 1.52 ± 0.08
m (-) 0.63 ± 0.05 0.66 ± 0.03 0.71 ± 0.04 0.62 ± 0.03 0.70 ± 0.02 0.70 ± 0.02 0.32 ± 0.02 0.33 ± 0.02 0.34 ± 0.03
θs  (cm
3
 cm
-3
) 0.44 ± 0.00 0.41 ± 0.00 0.41 ± 0.02 0.40 ± 0.02 0.39 ± 0.01 0.40 ± 0.01 0.49 ± 0.01 0.47 ± 0.01 0.49 ± 0.02
θFC (cm
3
 cm
-3
) 0.14 ± 0.02 0.14 ± 0.01 0.14 ± 0.01 0.16 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.21 ± 0.00 0.21 ± 0.00 0.21 ± 0.01
θPWP (cm
3
 cm
-3
) 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.10 ± 0.00 0.09 ± 0.00 0.09 ± 0.00
θr  (cm
3
 cm
-3
) 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00
MatPor (cm
3
 cm
-3
) 0.42 ± 0.00 0.41 ± 0.00 0.41 ± 0.02 0.39 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 0.37 ± 0.01 0.36 ± 0.01 0.38 ± 0.01
MacPor (cm
3
 cm
-3
) 0.02 ± 0.01 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.12 ± 0.02 0.11 ± 0.02 0.11 ± 0.03
AC (cm
3
 cm
-3
) 0.30 ± 0.02 0.27 ± 0.01 0.27 ± 0.02 0.24 ± 0.00 0.26 ± 0.01 0.27 ± 0.02 0.27 ± 0.01 0.26 ± 0.01 0.28 ± 0.01
PAWC (cm
3
 cm
-3
) 0.07 ± 0.02 0.08 ± 0.01 0.08 ± 0.01 0.10 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.12 ± 0.00 0.11 ± 0.00 0.12 ± 0.01
RWC (cm
3
 cm
-3
) 0.32 ± 0.04 0.34 ± 0.02 0.35 ± 0.02 0.39 ± 0.02 0.33 ± 0.03 0.32 ± 0.03 0.44 ± 0.01 0.44 ± 0.01 0.43 ± 0.01
S-index -0.23 ± 0.04 -0.23 ± 0.02 -0.30 ± 0.08 -0.19 ± 0.01 -0.24 ± 0.02 -0.24 ± 0.02 -0.09 ± 0.00 -0.09 ± 0.00 -0.10 ± 0.00
Sandy loam Loam
Control Beech-600°C Cane-600°C Willow-550°C Pine-550°C Maize-550°C
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5.4 Discussion 
A biochar dose of 5 g kg
-1
 was not sufficient to reduce the bulk density in the sandy loam 
and loam soil. At higher biochar doses (10 g kg
-1
 for sandy loam and 20 g kg
-1
 for loam 
soil), bulk density was decreased with biochar application (although not significantly in the 
sandy loam soil). This is in agreement with findings from lab experiments from Basso et 
al. (2013), Brockhoff et al. (2010), Laird et al. (2010), Novak and Watts (2013) and 
Rogovska et al. (2011), and the field experiment from Oguntunde et al. (2008). These 
authors all observed lower bulk densities with biochar addition (doses varying from 0.5 to 
6 % w:w and 5 to 25% v:v)  (Figure 5.5). In contrast to our results, Laird et al. (2010) 
observed eight weeks after the start of their column experiment already a significant 
reduction in bulk density at a biochar dose of 5 g kg
-1
. Rogovska et al. (2011) observed 
increased bulk densities over time in both control and biochar treatments in a column 
experiment due to effects of gravity and induced leaching events. However, they observed 
slower compaction in the biochar treatments compared to the control. In contrast to the 
column experiments from Laird et al. (2010) and Rogovska et al. (2011), who packed the 
soil initially to a bulk density of 1.1 g cm
-3
 and determined bulk density throughout their 
experiments by measuring the distance from the soil surface to the top of the column, we 
established soil bulk density in the rings using the 1000-knock method. In this way, soil 
bulk density in the ring was fixed using a standardized method instead of packing the soil 
to a predetermined bulk density. As a consequence, effects of gravity were already taken 
into account. 
Particle density was not affected by biochar, but the bulk density reduction in the loam soil  
resulted in higher soil porosities compared to the control. Also Oguntunde et al. (2008) 
observed a higher total porosity in a charcoal-site soil (under charcoal kilns) compared to 
an adjacent field.  
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Figure 5.5 Bulk density in the control and biochar treatments in a sandy loam and loam soil (own 
data, data in grey), and in studies from literature (data in black). Data above the black 1:1 line 
indicate a higher bulk density in the biochar treatments, whereas data below the line indicate a 
lower bulk density in the biochar treatments than in a control without biochar. Stacked symbols 
indicate different biochar treatments (biochar dose, biochar type or biochar incorporation depth). 
 
Despite the effect on soil bulk density and porosity, soil water characteristics or derived 
physical soil quality indicators were only to a limited extent influenced by biochar 
application. It is remarkable that in the sandy loam soil, θs was reduced with biochar 
addition at both biochar doses. This was surprising, as we expected, based on findings 
from Tryon (1948) and Kinney et al. (2012), a positive effect of biochar on water retention 
characteristics in the sandy loam soil. Tryon (1948) showed that plant available water 
increased to a limited extent with charcoal addition in a sandy soil, but did not change in a 
loam soil, which is in accordance to our loam soil observations, and even decreased in a 
clay soil. Also Kinney et al. (2012) observed contrasting results depending on soil type 
with biochar from magnolia tree leaves pyrolyzed at 300°C. This biochar type had a low 
field capacity (about 1 g g
-1
) compared to that of higher temperature biochars (6 – 11 g g-1), 
but increased field capacity in a sandy soil while having no effect in a clay-rich soil. Also 
the biochars produced at 500°C increased soil field capacity in the sandy soil in the same 
way as the 300°C-biochar, but these were not tested in the clay-rich soil. Moreover, they 
found that measured field capacities of biochar-soil mixtures were lower than predicted 
based on the measured biochar field capacities in three of the four cases. Possibly water 
could be retained both inside the biochar pores and between biochar particles as a result of 
capillary forces and/or attraction of water to the exterior surfaces of biochar. This could 
then explain the extremely high biochar field capacities measured, with some biochars 
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holding more than ten times their own mass in water (Kinney et al., 2012). It has to be 
noticed that Kinney et al. (2012) measured field capacity at gravity-drained equilibrium 
after 30 minutes, which corresponds to near saturation conditions, which cannot be 
compared to field capacity as defined in our study. 
Figure 5.6 gives an overview of studies in which the effect of biochar on PAWC is 
investigated. It seems that this effect is larger when biochar is added to soils with a low 
PAWC and usually coarser texture, although in case of our sandy loam results, no 
significant effect of biochar on PAWC was observed. In contrast to our results, a column 
experiment with a sandy loam soil by Basso et al. (2013) generally resulted in higher water 
contents in biochar treatments compared to the control at matric heads ranging between -1 
and -15 300 cm. Moreover, as this increase was relatively larger at the higher pressure 
heads (a.o. FC), compared to the low ones (a.o. WP), PAWC was significantly larger in 
biochar treatments than in the control 91 days after starting the incubation experiment 
(Figures 5.6 and 5.7). They did not detect significant changes in parameters α and n of the 
Gardner’s function (a slight modification of the van Genuchten equation in which m = 1), 
which determine the shape of the water retention curve. This indicates that biochar addition 
did not influence capillarity and pore-size distribution. The differences they observed in 
water content between the control and biochar treatments were explained by the higher 
total porosity in the biochar treatments. Although our results also show no effect of biochar 
on α and n, the specific water capacity results suggest that the reduction in hydraulic 
conductivity as the soil gets drier (decreasing matric head) will be more gradual and occurs 
at a lower matric head in the biochar treatments (Jury and Horton, 2004). Consequently, 
drainage in the biochar treatments is expected to be slower as compared to the control. 
Furthermore, in the sandy loam soil MatPor was generally reduced with biochar 
application, indicating that porosity at pore diameters ≤ 60 µm was smaller in the biochar 
treatments compared to the control. MacPor, calculated as the difference between θs and 
MatPor, was not affected by biochar addition, as not only MatPor but also modelled θs was 
decreased with biochar addition. However, as porosity was not affected and MatPor was 
reduced by biochar addition, it is possible that biochar increased the amount of soil 
macropores and θs was underestimated: assuming θs being larger than θh=-10cm, these pores 
could already have been drained at h = -10 cm, resulting in a lower volumetric water 
content at this matric head for the biochar treatments compared to the control. This could 
then positively influence the soil infiltration capacity at heavy rainfall events, when -10 cm 
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< h ≤ 0 cm. It is thus questionable whether θs was well modelled for the biochar treatments. 
As biochar macroporosity has shown cavities up to 500 µm (Downie et al., 2009) and θ-
values > -10 cm correspond to pore diameters > 300 µm (Reynolds et al. 2007), biochar 
thus possibly increased soil macroporosity > 300 µm. Another hypothesis to explain the 
reduced volumetric water content at θh=-10cm, is the use of the 1000-knock method. During 
this process, biochar particles possibly clogged soil macropores, through which θh=-10cm was 
decreased. However, this was not reflected in the total porosity results, as total porosity 
determined was similar for the control and biochar treatments. While in the loam soil, 
porosity was increased with biochar addition, no significant effects of biochar on the van 
Genuchten parameters and derived soil quality indicators were observed. 
 
 
Figure 5.6 Plant available water capacity (PAWC) (calculated as water retained between h = -340 
and h = -15 300 cm) in the control and biochar treatments in a sandy loam and loam soil (own fitted 
data, data in grey), and as calculated from literature studies (data in black). Data above the black 
1:1 line indicate a higher PAWC in the biochar treatments, whereas data below the line indicate a 
lower PAWC in the biochar treatments than in a control without biochar. Stacked symbols indicate 
different biochar treatments (biochar dose or biochar incorporation depth). 
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Figure 5.7 Volumetric water content (VWC) in the control and biochar treatments from literature 
studies. Data in black indicate VWC at h = -10 cm, data in grey at h = - 340 cm (= FC) and open 
symbols at h = -15 300 cm (= PWP). Data above the black 1:1 line indicate a higher VWC in the 
biochar treatments, whereas data below the line indicate a lower VWC in the biochar treatments 
than in a control without biochar. Stacked symbols indicate different biochar treatments (biochar 
dose or biochar incorporation depth). 
 
Like the results from Basso et al. (2013), Brockhoff et al. (2010) (lab experiment) and Liu 
et al. (2012) (field experiment) show an increased PAWC with biochar addition (Figure 
5.6), which was due to an increased θFC with biochar addition (Figure 5.7). Laird et al. 
(2010) determined water retention from soil and soil-biochar (5 – 20 g kg-1) treatments at 
four matric heads. They observed a significantly higher water content in a fine-loamy soil 
with biochar application at -1000 and -5000 cm, whereas at -340 (FC) and -15300 cm 
(WP), no difference was detected (Figures 5.6 and 5.7). When the amount of water retained 
by soil at gravity drained equilibrium was measured, which is close to saturation, this 
amount increased with biochar application. Also Novak et al. (2009) determined the 
amount of water retained by soil (loamy sand) or a soil-biochar (2% w:w) mixture at 
gravity drained equilibrium and observed, depending on the type of biochar, an increase or 
no effect of biochar. Stewart et al. (2012) observed in a lab experiment increased soil water 
holding capacity with increasing rates of biochar addition in several soil types. Although 
total porosity increased with biochar addition in the loam soil, our results did not show an 
increase in soil water with biochar application. On the contrary, measured soil water 
contents were usually lower after biochar application between near saturation and field 
capacity in the sandy loam soil. 
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Jeffery et al. (2011) conclude that the effect on soil water holding capacity is a possible 
main mechanism for yield improvement with biochar addition, as the greatest positive 
effects on crop yield were observed in coarse or medium textured soils. Our results show 
that biochar addition to the soil types used did not improve soil water retention 
characteristics, except for possibly a better permeability close to saturation, despite other 
authors finding positive effects in soil types with a similar soil texture.  
 
5.5 Conclusion 
The effect of ten biochar types on soil physical properties and water retention 
characteristics was investigated. A biochar dose of 5 g kg
-1
 was not sufficient to reduce soil 
bulk density. At higher biochar doses (10 or 20 g kg
-1
), bulk density was decreased and in 
the loam soil at both biochar doses, total porosity increased. Despite these differences, no 
effects on soil water retention characteristics and its derived physical soil quality 
parameters were detected, except for water contents at high matric heads which were 
decreased in the sandy loam soil with biochar addition. However, biochar addition to soil 
could possibly increase the permeability at volumetric water contents very close to 
saturation, for example after a heavy rainfall event, in this soil type. Moreover, drainage is 
expected to be slower in the biochar treatments compared to the control. Despite these 
findings, our results contradict our initial formulated hypotheses, being an increased 
PAWC and physical soil quality with biochar addition.  
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Part III. Effects of biochar on soil 
greenhouse gas emissions 
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CHAPTER 6 
6 Effect of different biochar and fertilizer types on 
N2O and NO emissions 
After: Nelissen, V., Saha, B.K., Ruysschaert, G., Boeckx, P., submitted. Effect of different 
biochar and fertilizer types on N2O and NO emissions. Soil Biology & Biochemistry. 
 
Abstract 
The use of biochar as soil improver and climate change mitigation strategy has gained 
much attention, although at present the effects of biochar on soil properties and greenhouse 
gas emissions are not completely understood. The objective of our incubation study was to 
investigate the effect of biochar on N2O and NO emissions from an agricultural Luvisol 
upon fertilizer (urea, NH4Cl or KNO3) application. Seven biochar types were used, which 
were produced from four different feedstocks pyrolyzed at various temperatures. At the 
end of the experiment, after 14 days of incubation, soil nitrate concentrations were 
decreased upon biochar addition in all fertilizer treatments by 6 to 16%. Biochar 
application decreased both cumulative N2O (52 to 84%) and NO (47 to 67%) emissions 
compared to a corresponding treatment without biochar after urea and nitrate fertilizer 
application, and only NO emission after ammonium application. N2O emissions were more 
decreased at high compared to low pyrolysis temperature. 
Several hypotheses for our observations exist, which were assessed against current 
literature and discussed thoroughly. In our study, the decreased N2O and NO emission is 
expected to be mediated by multiple interacting phenomena such as stimulated NH3 
volatilization, microbial N immobilization, non-electrostatic sorption of NH4
+
 and NO3
-
, 
and biochar pH effects.  
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6.1 Introduction 
Both nitrous oxide (N2O) and nitrogen oxide (NOx) emissions have been increased since 
pre-industrial times through human activities like fertilizer application and fossil fuel 
combustion (Smith et al., 2007). Nitrous oxide is a powerful greenhouse gas, which has 
been calculated to have 298 times the global warming potential of carbon dioxide (CO2) 
over a 100 year period (Forster et al., 2007). In contrast, NOx, which is mainly emitted as 
nitric oxide (NO), do not directly affect the earth's radiative balance, but they catalyze 
tropospheric ozone (O3), which is in turn a greenhouse gas. Agricultural and natural 
ecosystems are important N2O and NOx sources, as nitrification and denitrification are 
principal sources of NO and N2O emissions in soils (Hutchinson and Davidson, 1993; 
Ehhalt et al., 2001). Agriculture contributes about 58% of the total anthropogenic 
emissions of N2O, and this amount is estimated to increase by 35-60% by 2030 due to 
increased nitrogen (N) fertilizer use and increased animal manure production (Smith et al., 
2007). The major source (> 60%) of global tropospheric NOx emissions is fossil fuel 
combustion, while soil emissions amount about 10% (Ehhalt et al., 2001).  
Biochar, the stable carbon rich product obtained when biomass is pyrolyzed, could act as a 
long-term carbon sink (Lehmann et al., 2006) and has been shown in several laboratory 
studies to decrease N2O emissions under certain conditions (e.g. Van Zwieten et al., 2010a; 
Stewart et al., 2012). However, other incubation studies show no effect (e.g. Cheng et al., 
2012) or increased (e.g. Clough et al., 2010) N2O emissions with biochar application. 
Moreover, studies in which various biochar pyrolysis temperatures, fertilizer doses, soil 
types or soil water contents are used often show contrasting results (Augustenborg et al., 
2012; Case et al., 2012; Zheng et al., 2012; Ameloot et al., 2013), demonstrating the 
complex interaction between the effect of biochar on N2O emissions and these factors. 
Also field experiments show mixed results. Castaldi et al. (2011) observed in an Italian 
field trial generally higher N2O emissions in the control compared to the biochar treated 
plots, but this difference was only statistically significant in 2 occasions. In contrast, higher 
N2O emissions were observed in the biochar treatments compared to the control after the 
third fertilization event with urea when emissions were highest, although the difference 
was not significant. Taghizadeh-Toosi et al. (2011) observed decreased N2O emissions at a 
biochar dose of 30 t ha
-1
, while at a dose of 15 t ha
-1
, no effect was observed. Zhang et al. 
(2012) found lower emissions with biochar in a fertilized treatment, while the unfertilized 
treatment showed no effect of biochar. So also field trials corroborate the complex 
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interaction between the effect of biochar and weather conditions, fertilizer and biochar 
dose.  
Several mechanisms could be responsible for decreased N2O emissions, among which 
improved soil aeration through which denitrifier activity is suppressed or pH increase 
through which the N2O:N2 ratio is decreased (e.g. Van Zwieten et al., 2010a). However, 
the main mechanism behind the observed emission decreases could not be elucidated yet. 
In some studies biochars produced at various pyrolysis temperatures are tested (e.g. 
Ameloot et al., 2013), while most often only one single fertilizer type is used. However, 
studying the effect of biochar pyrolysis temperature on N2O emissions and the use of 
various fertilizer types could provide valuable information in order to improve our 
understanding of the underlying mechanisms. Moreover, to our knowledge, the effect of 
biochar on NO emissions has not been investigated yet.   
The objective of this incubation study was to investigate the effect of biochar on N2O and 
NO emissions from a common agricultural Luvisol. Three fertilizer types (urea, 
ammonium chloride, potassium nitrate) were applied, and seven biochar types produced 
from four different feedstocks were used. Three of these feedstocks were pyrolyzed at two 
different temperatures. In this way, it can be investigated whether biochar feedstock and 
pyrolysis temperature influence N2O and NO emissions, and how the effect of biochar 
changes when a range of fertilizer types is used. Through using these different fertilizer 
types, it is possible to investigate whether biochar affects the processes of (i) nitrification, 
as we hypothesize that NO is mainly produced during nitrification, (ii) denitrification, as 
we hypothesize that N2O is mainly produced during denitrification, (iii) or both. Moreover, 
we aimed to get better understanding of the underlying mechanisms through discussing all 
possible hypotheses for our observations thoroughly and comparing these hypotheses with 
those found in literature. 
 
6.2 Materials and methods 
6.2.1 Soil 
The soil used for this study was collected in January 2012 from the 0-10 cm layer of an 
agricultural field in Maulde (50º37′ N and 3º34′ E), Belgium. The soil was under 
conventional tillage management and bare during soil sampling. The soil contains 16.2% 
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sand (50 – 2000 µm), 66.5% silt (2 – 50 µm) and 17.3% clay (< 2 µm) (Boeckx et al., 
2011) and is classified as a silt loam soil (USDA) or a Luvisol (WRB). After sampling, the 
soil was air-dried and subsequently sieved at 2 mm. Soil pH was measured in a 1 M KCl 
solution (1:5 v:v) (ISO 10390). Total carbon (TC) content was measured on oven-dried 
(70°C) soil samples by dry combustion at 1050°C (ISO 10694) using a TC-analyzer 
(Primacs
SLC
, Skalar, the Netherlands). Total N content was determined by dry combustion 
(Dumas principle, ISO 13878) (Flash 4000, ThermoFischer, US).  
 
6.2.2 Biochar 
In this experiment, the biochars used are willow-450°C, willow-650°C, pine-450°C, pine-
650°C, maize-350°C, maize-550°C and the wood mixture biochar. Biochar characteristics 
are described in Chapter 2. 
 
6.2.3 Incubation experiment 
The effect of biochar on N2O and NO emissions was tested by means of an incubation 
experiment. One week prior to fertilizer addition, demineralized water was added to the 
soil to obtain a water content of 60% WFPS. PVC tubes (h = 9 cm, r = 1.3 cm) were filled 
with 76.72 g moist soil, which corresponds to 62.12 g oven-dried soil in order to reach a 
bulk density of 1.3 g cm
-
³. Subsequently, tubes were sealed with parafilm and pre-
incubated at 20°C in order to optimize microbial activity. One day before fertilizer 
addition, sieved biochar (1-5 mm) was mixed with the soil at a dose of 5 g dry biochar kg
-1
 
dry soil, which corresponds to 20 t ha
-1
, if biochar would be mixed in the 0-30 cm soil 
layer with a soil bulk density of 1.3 g cm
-3
. Bulk density was slightly increased (from 1.30 
to 1.31 g cm
-
³) as we did not change the soil volume after applying the biochar. After 
biochar addition, the tubes were left uncovered (thus without parafilm) for one day. After 
one day, when fertilizer was applied, between 1.1 and 1.3 ml of water had been evaporated. 
Three fertilizer types were tested at a dose of 51.3 mg N kg
-1
, which corresponds to 200 kg 
N ha
-1
. These fertilizer types were urea ((NH2)2CO), ammonium chloride (NH4Cl) and 
potassium nitrate (KNO3). One ml of each solution was added and mixed with the soil one 
day after biochar application. Demineralized water was added at the same moment in order 
to reach again 60% WFPS. After mixing the soil with fertilizer solution and water, the 
tubes were (again) sealed with parafilm. In total, there were 24 incubation treatments 
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(seven biochar treatments and a control treatment without biochar; three fertilizer types) in 
three replicates each. Mineral N content of the soil-biochar mixtures was determined at the 
end of the experiment (14 days after fertilizer addition), by extraction (1:5 w:v) in a 1 M 
KCl solution (ISO 14256-2) and measurement using a continuous flow analyzer (FIAstar 
5000, Foss, Denmark). Twenty-four extra tubes (seven biochar treatments and a control 
treatment without biochar, three replicates per treatment) were incubated in order to 
determine mineral N content one day after biochar addition but before fertilizer addition. 
Measurements of N2O and NO gases were performed at day 1, 2, 4, 7, 10 and 14 days after 
fertilizer addition. At those moments, the incubated tubes were placed into glass containers 
with a volume of 1160 ml and subsequently airtight sealed. Headspace concentrations of 
N2O and NO were measured 0, 40, 80 and 120 min after closing the containers at each 
measuring day. 
NO concentrations were measured using a NO analyzer (CLD 77AM, Eco Physics, 
Duernten, Switzerland). Detection is based on the chemiluminescent oxidation of NO to 
nitrogen dioxide (NO2) in the presence of O3. The NO analyzer was calibrated using a NO 
reference gas, with a known concentration of 102.4 ppm. The headspace NO concentration 
was measured during 10 seconds, after which the data of the last 5 seconds of this 
measuring period were averaged. In order to measure N2O, a 12 ml gas sample was taken 
out of the headspace immediately after measuring NO by means of a syringe and was 
transferred into a 12 ml air-tight evacuated glass vial. It was stored until N2O 
measurement, which occurred via a gas chromatograph (14B, Shimadzu, Japan) equipped 
with an electron capture detector (ECD) and two packed columns. The operating 
conditions were carrier gas N2 (55 ml min
-1
), column and oven temperature of 55°C and 
detector temperature of 250°C. One ml of each glass vial was then injected into the GC 
with a Hamilton airtight syringe. N2O concentrations were calculated using a calibration 
curve, which was obtained by injecting two times 100, 200, 400, 600, 800 and 1000 µl of a 
N2O reference gas with a known concentration of 2.46 ± 0.12 ppm. The change of N2O or 
NO headspace concentrations over 120 minutes was calculated in ppm h
-1
 using linear 
regression. The fluxes in µg N2O-N or NO-N kg
-1
 soil h
-1
 were subsequently calculated by 
using the ideal gas law and molecular weight of the gases. Cumulative N2O and NO 
emissions during the 14-days incubation period were calculated by linear integration of 
hourly fluxes. 
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6.2.4 Statistical analyses 
For each biochar characteristic, a one-way ANOVA including factor biochar type was 
conducted with the biochar characteristic as dependent variable. Treatment means were 
compared using a post-hoc Scheffé-test, as these are unplanned comparisons. 
Ammonium (NH4
+
) and nitrate (NO3
-
)
 
concentrations before fertilizer addition were 
analyzed by a one-way ANOVA with biochar type as factor (including the control). The 
effect of biochar addition on NH4
+ 
and
 
NO3
- 
concentrations 14 days after fertilizer addition 
was investigated using a two-step approach. First, a two-way ANOVA including factors 
biochar type (including the control) and fertilizer type was run. To verify which biochar 
types were significantly different from the control, post-hoc LSD-tests were performed to 
compare treatment means, as these are planned comparisons. Post-hoc LSD-tests were also 
used to compare the effect of the individual levels of factor fertilizer, in case this factor 
was significant. Second, we investigated the effect of biochar feedstock, pyrolysis 
temperature (2 levels: high when ≥ 550°C and low when < 550°C) and fertilizer type on 
NO3
- 
concentrations using a three-way ANOVA, with the relative difference (in %) in NO3
- 
concentrations between the biochar and control treatments as dependent variable. In order 
to have a balanced experimental design, in this analysis only the biochar feedstocks for 
which two pyrolysis temperatures were available were included. For this reason, the wood 
mixture biochar was left out of the analysis. Post-hoc LSD-tests were used to compare the 
effect of the individual levels of factor fertilizer, in case this factor was significant. The 3-
way ANOVA was not run for NH4
+
, as the two-way ANOVA including factors biochar 
type and fertilizer did not show a significant effect of biochar on NH4
+
 concentrations 14 
days after fertilizer addition. 
Cumulative N2O and NO emissions (after 14 days of incubation) were analyzed using the 
same approach as for NO3
-
 concentrations. First, a two-way ANOVA including factors 
biochar type (including the control) and fertilizer type were run. As the interaction term 
was significant (P < 0.001), a one-way ANOVA including the factor biochar type 
(including the control) was run for each fertilizer type separately. To verify which biochar 
types were significantly different from the control, post-hoc LSD-tests were performed to 
compare treatment means. Second, we investigated the effect of biochar feedstock, 
pyrolysis temperature (2 levels: high when ≥ 550°C and low when < 550°C) and fertilizer 
type on cumulative N2O and NO emissions using a three-way ANOVA, with the relative 
difference (in %) in cumulative N2O and NO emissions between the biochar and control 
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treatments as dependent variable. The wood mixture biochar was omitted from the analysis 
in order to have a balanced experimental design. Furthermore, for N2O, the NH4
+
 fertilizer 
treatment was not included in the three-way ANOVA analysis, as the two-way ANOVA 
revealed that biochar did not affect N2O emissions after NH4
+ 
fertilizer application. In case 
the three-way interaction was significant (P < 0.05), which was the case for NO, two-way 
ANOVAs including factors feedstock and temperature were run for each fertilizer type 
separately. In case the two-way interaction was significant (P < 0.05), a one-way ANOVA 
with as factor pyrolysis temperature (two levels: high and low) was run for each feedstock 
separately.  
As not all biochar characteristics were normally distributed, non-parametrical correlation 
analyses (Spearman’s rho) were carried out between biochar characteristics and the relative 
difference (in %) in N2O or NO emissions or NO3
-
 concentrations (after 14 days of 
incubation) between the biochar and control treatments.  
All statistical analyses were conducted using SPSS 20.0 (IBM Corp., Armonk, NY). 
 
6.3 Results 
6.3.1 Soil characterization 
Soil pH-KCl was neutral (6.5). TC and TN were 1.19 and 0.12%, respectively, resulting in 
a C:N ratio of 9.9.  
 
6.3.2 Incubation experiment 
One day after biochar addition and before fertilizer application, no significant differences 
were found in NH4
+ 
and NO3
-
 concentrations between the control and the biochar 
treatments (on average 1.9 mg NH4
+
-N kg
-1 
and 19.6 mg NO3
-
-N kg
-1
) (Tables 6.1 and 
6.2a). At the end of the experiment, i.e. 14 days after applying a fertilizer dose of 51.3 mg 
N kg
-1
, NH4
+
 concentrations were very low in all treatments (≤ 1 mg N kg-1), indicating 
that nitrification rates were high in this soil type. The 2-way ANOVA including factors 
biochar and fertilizer type (Table 6.2a) and the post-hoc LSD tests revealed that (i) adding 
biochar to soil did not affect soil NH4
+
 concentrations, but (ii) soil NO3
-
 concentrations 
were significantly decreased in each biochar treatment compared to the control (LSD-tests: 
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P ≤ 0.001) 14 days after fertilizer addition in all fertilizer treatments (Figure 6.1). In the 
urea, NH4
+
 and NO3
-
 fertilizer treatments, NO3
-
 concentrations were decreased from 90.1, 
79.1 and 95.6 mg N kg
-1
, respectively, in the control soil to on average 78.2, 74.3 and 80.7 
mg N kg
-1
 in the biochar treatments. Also the factor fertilizer type was significant (P = 
0.000), as significantly higher NO3
-
 concentrations were found in the NO3
-
 treatments (on 
average 82.6 mg N kg
-1
) compared to the urea (on average 79.7 mg N kg
-1
) and NH4
+ 
treatments (on average 74.9 mg N kg
-1
), while the latter showed significantly lower NO3
-
 
concentrations compared to the urea treatments. The 3-way ANOVA revealed no feedstock 
or temperature effect (Table 6.2a). 
 
Table 6.1 Soil NH4
+
-N and NO3
-
-N concentrations one day after biochar but before fertilizer 
addition (mean ± standard error). 
Treatment NH4
+
    NO3
-
  
 
mg N kg
-1
 
 
mg N kg
-1
 
Control 2.65 ± 0.90   16.53 ± 5.39 
Willow-450°C 1.49 ± 0.11 
 
18.37 ± 5.16 
Willow-650°C 1.65 ± 0.27 
 
20.05 ± 1.83 
Pine-450°C 1.13 ± 0.33 
 
18.50 ± 1.17 
Pine-650 °C 1.56 ± 0.11 
 
23.20 ± 3.65 
Maize-350°C 1.50 ± 0.35 
 
18.01 ± 1.78 
Maize-550°C 2.09 ± 0.08 
 
23.35 ± 2.55 
WoodMixture-480°C 3.10 ± 1.13   18.46 ± 4.73 
 
Figure 6.1 Soil NO3
-
-N concentrations 14 days after urea, NH4
+
and NO3
-
 fertilizer addition. Error 
bars indicate  the standard error. 
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Table 6.2 P-value results from (a) one-way ANOVAs for NH4
+
 and NO3
-
 concentrations before 
fertilizer addition, two-way ANOVAs for NH4
+
 and NO3
-
 concentrations and cumulative N2O and 
NO emissions after 14 days of incubation, and three-way ANOVAs for relative reductions 
compared to the control, (b) one-way ANOVAs with biochar type as factor for each fertilizer type 
separately for cumulative N2O and NO emissions, and (c) two- and one-way ANOVAs for NO 
emission reductions. N/A = not applicable 
(a) 
 
(b)
Due to significant interaction between the factors biochar type and fertilizer, a one way-ANOVA including 
factor biochar type (including the control) was run for each fertilizer type separately (see Table 6.2b). 
(c)
Due to a significant three-way interaction, two-way ANOVAs including factors feedstock and temperature 
were run for each fertilizer type separately (see Table 6.2c). 
(b) 
 
(c) 
 
*Due to significant interaction between the factors feedstock and pyrolysis temperature, a one-way ANOVA 
with as factor pyrolysis temperature (two levels: high and low) was run for each feedstock separately. 
Factor NH4
+
NO3
- N2O NO
Biochar type 0.243 0.844
Biochar type 0.529 0.000 0.000 0.000
Fertilizer 0.526 0.000 0.000 0.000
Biochar type x Fertilizer 0.446 0.128 0.000 (b) 0.000 (b)
Concentration reduction 14 days after fertilizer addition
Feedstock 0.258 0.343 0.000
Temperature 0.521 0.012 0.050
Fertilizer 0.000 0.000 0.000
Feedstock x Temperature 0.055 0.800 0.000
Feedstock x Fertilizer 0.288 0.130 0.000
Temperature x Fertilizer 0.336 0.312 0.000
Feedstock x Temperature x Fertilizer 0.131 0.171 0.000 (c)
N/A
Cumulative emissions
Emission reductions
Concentrations before fertilizer addition
Concentrations 14 days after fertilizer addition
Factor N2O NO
Biochar type - Urea 0.000 0.000
Biochar type - Ammonium 0.203 0.000
Biochar type - Nitrate 0.000 0.000
Cumulative emissions
Factor Urea Ammonium Nitrate
Feedstock 0.000 0.000 0.000
Temperature 0.001 0.942 0.000
Feedstock x Temperature 0.280 0.000* 0.000*
Factor Urea Ammonium Nitrate
Temperature - Willow 0.034 0.329
Temperature - Pine 0.001 0.000
Temperature - Maize 0.347 0.055
N/A
Two-way ANOVA
One-way ANOVA
*
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Generally, the highest emissions of both N2O and NO were reached 1 day after fertilizer 
addition (Figures 6.2 and 6.3). N2O emissions were highest when NO3
-
 fertilizer was 
applied, whereas adding NH4
+
 fertilizer resulted in highest NO emissions. Both N2O (27.7 
µg kg
-1
 h
-1
) and NO (2.75 µg kg
-1
 h
-1
) emissions were highest in the control treatment 1 day 
after NO3
-
 and NH4
+
 fertilizer addition, respectively.
 
Figures 6.4a and b depict the 
cumulative N2O and NO emissions for the entire 14-day period. Cumulative N2O 
emissions were higher than total NO emissions. For both N2O and NO, there was a 
significant interaction (P < 0.001) between the factors biochar and fertilizer type, 
indicating a different effect of biochar on N2O and NO emissions for different fertilizers 
(Table 6.2a, b). LSD post-hoc tests show that, when urea and NO3
-
 fertilizers were applied, 
N2O emissions were significantly (P ≤ 0.001) decreased in all biochar treatments compared 
to the control with on average 52% (from 618 to 295 µg N kg
-1
) and 84% (from 3356 to 
529 µg N kg
-1
), respectively (Figure 6.4a). For the urea and NO3
-
 fertilizer treatments, 
factor pyrolysis temperature was significant, indicating that N2O emission reductions were 
significantly higher at high compared to low pyrolysis temperatures (Table 6.2a). In the 
NH4
+
 fertilized treatments, there was no significant effect of biochar on N2O emissions 
(Table 6.2b). 
Biochar addition decreased NO emissions significantly compared to the control soil in all 
fertilizer treatments (LSD-tests: P = 0.000), except for willow-650°C for the NH4
+
 fertilizer 
treatment (P = 0.068). NO emissions were decreased on average from 49 to 26 µg kg
-1
 (-
47%), 369 to 173 µg kg
-1 
(-53%)
 
and 29 to 10 µg kg
-1
 (-67%) in the urea, NH4
+
 and NO3
-
 
fertilizer treatments, respectively (Figure 6.4b). When urea was applied, a significant 
temperature effect (P = 0.001) was observed (Table 6.2c). NO emissions were less 
decreased at high compared to low pyrolysis temperature biochars. In the NH4
+
 and NO3
- 
fertilizer treatments, the interaction term between feedstock and temperature was 
significant (P < 0.001) (Table 6.2c). For this reason no trends regarding temperature could 
be observed. However, in the NO3
-
 fertilizer treatment NO emissions were more reduced in 
the high compared to the low temperature biochar treatments, although only significantly 
for one feedstock (Table 6.2c, Figure 6.4). 
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(a) 
 
(b) 
 
(c) 
 
Figure 6.2 Soil N2O emissions after (a) urea, (b) NH4
+
 and (c) NO3
-
 fertilizer (51.3 mg N kg
-1
) 
addition at day 0. Error bars indicate the standard error (n = 3). 
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(a) 
 
(b) 
 
(c) 
 
Figure 6.3 Soil NO emissions after (a) urea, (b) NH4
+
 and (c) NO3
-
 fertilizer (51.3 mg N kg
-1
) 
addition at day 0. Error bars indicate the standard error (n = 3). 
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 (a) 
 
 
(b) 
 
Figure 6.4 Cumulative (a) N2O-N and (b) NO-N emissions from soil amended with urea, NH4
+
 and 
NO3
-
 fertilizer for the entire experiment (14 days). Error bars indicate the standard error (n = 3).  
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Biochar characteristics were not significantly correlated with relative NO3
-
 decreases in the 
biochar treatments compared to the control, except for CEC in the NH4
+
 and ash in the 
NO3
-
 fertilizer treatment (Table 6.3). For the NH4
+
 and NO3
-
 fertilizer treatments, there 
were no significant non-parametrical correlations between the biochar characteristics and 
the N2O and NO emission reductions. In the urea treatments, there was a significant 
correlation between i) N2O emission decrease and biochar CEC, ii) NO emission decrease 
and biochar ash content and iii) NO emission decrease and biochar pH (Table 6.3). Biochar 
pH and ash content were significantly correlated, indicating that biochar pH increased due 
to the higher amount of ash present (Chapter 2). Biochar pH was not significantly 
correlated with the N2O emission decreases, expressed in % relative to the control (P = 
0.052, P = 0.38 and P = 0.15 for urea, NH4
+
 and NO3
-
 treatments, respectively). However, 
despite this insignificant correlation, a trend can be observed in Figure 6.5, showing higher 
N2O emission decreases at higher biochar pH-values in the urea and NO3
-
 fertilizer 
treatments.  
 
 
Figure 6.5 Correlation of N2O emission decreases and biochar pH for the urea and NO3
-
 fertilizer 
treatments. Spearman’s rho values are indicated as ρ. 
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ρ = 0.75 
 ρ = 0.61 
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Table 6.3 Spearman’s rho values of non-parametrical correlations (n = 7) between the biochar characteristics and relative N2O and NO emission decreases 
and NO3
- 
concentration
 
decreases (after 14 days of incubation) in the biochar treatments compared to the control. 
*Correlation is significant at P = 0.05; **Correlation is significant at P = 0.01 
Urea Ammonium Nitrate Urea Ammonium Nitrate Urea Ammonium Nitrate
Correlation coefficient 0.036 -0.107 0.643 -0.357 -0.250 0.036 0.714 -0.107 0.000
P-value 0.939 0.819 0.119 0.432 0.589 0.939 0.071 0.819 1.000
Correlation coefficient 0.464 0.107 0.000 0.143 0.607 -0.536 -0.071 -0.036 -0.071
P-value 0.294 0.819 1.000 0.760 0.148 0.215 0.879 0.939 0.879
Correlation coefficient -0.071 -0.036 -0.607 0.536 0.286 0.036 -0.679 -0.179 -0.321
P-value 0.879 0.939 0.148 0.215 0.535 0.939 0.094 0.702 0.482
Correlation coefficient -0.071 0.000 0.500 -0.500 -0.179 0.179 0.643 0.214 0.357
P-value 0.879 1.000 0.253 0.253 0.702 0.702 0.119 0.645 0.432
Correlation coefficient 0.393 0.000 -0.107 0.071 -0.429 -0.464 -0.143 -0.071 -0.107
P-value 0.383 1.000 0.819 0.879 0.337 0.294 0.760 0.879 0.819
Correlation coefficient 0.400 0.091 -0.236 0.200 -0.218 -0.236 -0.382 -0.018 0.018
P-value 0.374 0.846 0.610 0.667 0.638 0.610 0.398 0.969 0.969
Correlation coefficient -0.250 0.286 -0.821* 0.643 0.500 0.536 -0.929** 0.286 0.250
P-value 0.589 0.535 0.023 0.119 0.253 0.215 0.003 0.535 0.589
Correlation coefficient -0.143 0.500 -0.750 0.750 0.393 0.607 -0.964** 0.429 0.464
P-value 0.760 0.253 0.052 0.052 0.383 0.148 0.000 0.337 0.294
Correlation coefficient 0.214 0.821* -0.071 0.786* -0.143 0.464 -0.500 0.464 0.643
P-value 0.645 0.023 0.879 0.036 0.760 0.294 0.253 0.294 0.119
NO
H:C
Volatile matter
Ash
pH
CEC
C:N
NO3
-
N2O
C
H
N
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6.4 Discussion 
6.4.1 Effect of biochar on N2O emissions 
In the control soil, N2O emissions were highest after NO3
-
 fertilizer application. This was 
expected, as high rates of N2O production are more commonly associated with 
denitrification rather than nitrification (Firestone and Davidson, 1989), especially for the 
soil used in this study (Boeckx et al., 2011). N2O emissions were significantly decreased 
with biochar addition after both urea and NO3
-
 fertilizer addition. This decrease was higher 
in the latter than in the former in both absolute and relative terms. Decreased N2O 
emissions have been observed in several studies investigating the effect of biochar on N2O 
emissions, although some studies show no effect or even increased emissions with biochar 
application (Table 6.4). Table 6.4 indicates a complex interaction between soil type, soil 
moisture content, biochar type and dose, and fertilizer type and dose. Studies in which 
various fertilizer doses, biochar types and doses or soil moisture contents are used often 
show contrasting results. Data in Table 6.4 and our results show that also at low (compared 
to other incubation studies) biochar doses (e.g. in our study 0.5% w:w), N2O emissions can 
be reduced. Our results demonstrate a significant pyrolysis temperature effect: N2O 
emissions after urea and NO3
-
 fertilizer application were more decreased at high compared 
to low pyrolysis temperatures (Table 6.2a). Also Ameloot et al. (2013) observed a 
temperature effect, as N2O emissions were decreased when applying high temperature 
biochars, while this was not the case for low temperature ones. 
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Table 6.4 Overview of studies investigating the effect of biochar on N2O emissions. 
 
*
In this table only results without earthworms are taken into account; 
**
For details, see the corresponding paper. 
Reference Country Soil type Biochar feedstock
Pyrolysis 
temperature (°C)
Biochar dose (% w:w) Fertilizer type Fertilizer dose Water content Effect on N2O emissions
350 0
700 ↘
0 kg ha
-1 ↘
100 kg ha
-1 0
0 N ha
-1 ↗
150 kg N ha
-1 0
2 23%  (w:w) 0
2 After wetting event (28% w:w) ↘
1 - 10 78% WFPS ↘
Cheng et al. (2012) China Black Chernozem Wheat straw 450 0.3 NH4NO3 100 mg N kg
-1 60% WHC 0
Clough et al. (2010) New Zealand Silt loam Pine 600 4 Urine 0 or 760 kg N ha
-1 ↗
Luvisol Various Various 8 NH4NO3 65% WHC ↘
Luvisol Peanut hull 498 2 - 14 NH4NO3
50 mg N kg
-1
 after         > 
18 mo of incubation
80% WHC ↗ (after fertilizer application)
Rogovska et al. (2011) USA Fine-loamy Hardwood 450-500 0.5 - 2 Swine manure 0 or 5 g kg
-1 Field capacity
↘ (11 mo after fertilizer 
application)
Singh et al. (2010) Australia
Alfisol                                  
Vertisol
Poultry manure                                     
Eucalyptus
400 0.76 N, P, K, glucose-C ** Wetting-drying cycles ↘, 0 or ↗
Spokas & Reicosky (2009) USA Silt loam                             Various Various 10 / 0 Field capacity ↘
Stewart et al. (2012) USA Various Oak 550 1 - 20 / 0 60% WHC ↘
0 0
170 kg N ha
-1 ↗
Urea 65-70% WFPS ↘
30 days after urea application 90-100% WFPS ↘
8.2 73% WFPS ↘
2 - 8.2 83% WFPS ↗
Silt loam 0
Loam 0 or ↘
Kammann et al. (2012) Germany Luvisol Peanut hull 498 3 (50 t ha
-1
) NH4NO3
100 kg N ha
-1                                                               
(+ extra N at end of 
experiment)
Pots slowly watered until water 
emerged at the pot bottom
↘
Case et al. (2013) UK Sandy loam Hardwood 400 3.2 (49 t ha
-1
) / 0 Field conditions 0
Castaldi et al. (2011) Italy Silty loam Hardwood 500 1.6-3.3 (30 - 60 t ha
-1
) N, P
** Field conditions ↘, 0 or ↗
Karhu et al. (2011) Finland Silt loam Birch 400 0.4 (9 t ha
-1
) Green manure Field conditions 0
Scheer et al. (2011) Australia Ferrosol Cattle feedlot waste 550 1 (10 t ha
-1
) N, P, K
** Field conditions ↘, 0 or ↗
Suddick & Six (2013) USA Silt loam Walnut shells 900 0.5% (5 + 5 t ha
-1
) N, cover crop
** Field conditions 0
1.2 (15 t ha
-1
) 0
2.4 (30 t ha
-1
) ↘
0 0
300 kg N ha
-1 ↘
Incubation experiment
Ameloot et al. (2013) Belgium Sandy loam
Wood                                                                          
Swine manure digestate
1.4 KNO3 40 mg N kg
-1 70% WFPS
Augustenborg et al. (2012)
* Ireland
Typic Hapludalf                                                                
Luvisol
Peanut hull
Miscanthus
498                            
550
4 (NH4)2SO4
Denmark Loamy Wheat 525 1 - 3
50% WFPS
Kammann et al. (2012) Germany
Case et al. (2012) UK Sandy loam Hardwood 400 / 0
Slurry 80% WFPSBruun et al. (2011)
Pig manure
Start: 26% (w:w);                     
leached twice weekly
van Zwieten et al. (2010) Australia Ferrosol Various Various 1 - 5 165 kg N ha
-1
Troy et al. (2013) Ireland Acid brown earth
Pig manure digestate                                 
Sitka Spruce
600 0.80
Yanai et al. (2007) Japan (Clay) loam Municipal biowaste 700 / 0
60% WHC
Pot experiment
Field experiment
Zheng et al. (2012) USA Oak 550 9 NH4NO3 0 or 100 kg N ha
-1
Zhang et al. (2012) China Loamy Wheat straw 350-550 0.9-1.8 (20-40 t ha
-1
) Urea Field conditions
930 kg N ha
-1 Field conditionsTaghizadeh-Toosi (2011) New Zealand Silt loam Pine 350 Urine + urea
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Table 6.5 provides an overview of the hypotheses put forward for reduced N2O emission 
and/or mineral N availability with biochar addition in the literature. These hypotheses can 
be summarized as follows. Biochar (i) contains microbial inhibiting compounds which 
could decrease the formation of NO3
-
 and N2O (Spokas and Reicosky, 2009; Spokas et al., 
2010), (ii) stimulates NH3 formation and subsequent sorption of NH3 (Taghizadeh-Toosi et 
al., 2011), (iii) decreases mineral N availability through biotic or abiotic immobilization 
processes, thereby decreasing substrate availability for nitrification and denitrification and 
subsequently decreasing N2O emissions (e.g. Case et al., 2012; Kammann et al., 2012), (iv) 
decreases the N2O:N2 ratio through increasing soil pH (e.g. Singh et al., 2010), (v) 
improves soil aeration, thereby suppressing denitrifier activity (e.g. Yanai et al., 2007), (vi) 
sorbs N2O (Van Zwieten et al., 2009). These hypotheses will now be discussed in more 
detail in relation to our results. 
Microbial inhibition (hypothesis i) was in our study unlikely, as when nitrification or 
denitrification would be suppressed higher NH4
+
 (after urea and NH4
+
 addition) or NO3
-
 
(after NO3
-
 fertilizer addition) concentrations would be expected with biochar addition 
compared to the control, which was not the case. Taghizadeh-Toosi et al. (2011) (Table 
6.4) explain the lower NO3
-
 concentrations and N2O emissions with pine biochar addition 
(30 t ha
-1
) in a field trial after applying a high amount of urine (930 kg N ha
-1
) by NH3 
formation and subsequent adsorption on- and/or into biochar. This hypothesis (ii) could be 
valid for our urea fertilizer treatment, but can be excluded for the NO3
-
 fertilizer treatment. 
The decreased NO3
-
 concentrations in the biochar treatments compared to the control 14 
days after addition of N fertilizer are also in agreement with findings from Case et al. 
(2012) and Kammann et al. (2012). They explain lower N2O emissions with biochar 
addition by lower mineral N availability through abiotic or biotic N immobilization 
(hypothesis iii). In contrast, according to Zheng et al. (2012), a lower N availability with 
oak biochar (550°C) addition is an unlikely mechanism for the decreased N2O emissions, 
as a lower NO3
-
 availability with biochar addition was not always accompanied by 
decreased N2O emissions. Also results from Bruun et al. (2011) are in contrast to our 
findings, as they observed higher N2O emissions despite reduced NO3
-
 concentrations upon 
biochar addition. However, in both experiments cumulative N2O emissions were very low, 
being maximum 0.7 µg N2O-N g
-1
 soil (Bruun et al., 2011) and 250 ng N2O-N g
-1
 soil 
(Zheng et al., 2012) 55 days and 123 days, respectively, after starting the incubation. In 
contrast, in our experiment total N2O emissions in the control soil 14 days after NO3
-
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fertilizer addition was 3.36 µg N2O-N g
-1
 soil. Despite that N2O emission reduction was 
positively correlated to CEC for the urea treatments, results from a sorption experiment 
conducted with the willow-450°C, willow-650°C, pine-450°C and pine-650°C biochars 
show that quick electrostatic NH4
+
 and NO3
- 
sorption to biochar was unlikely (max. 15.3 
mg NH4
+
-N kg
-1
 biochar and 19.0 mg NO3
-
-N kg
-1
 biochar which corresponds to 0.08 mg 
NH4
+
-N kg
-1
 soil and 0.10 mg NO3
-
-N kg
-1
 soil at a biochar dose of 5 g kg
-1
; see Chapter 
7). Sorption of N in this experiment was calculated as the difference between the amount 
of added N (NH4
+
 or NO3
-
) and the amount of N in the extract after shaking the biochar-
solution mixture for one hour. However, these results probably do not exclude a non-
electrostatic sorption mechanism, as the behavior of N containing water was most probably 
different under soil circumstances compared to during the N sorption experiment. Biochar 
porosity could contribute to nutrient adsorption by trapping nutrient-containing water 
(Major et al., 2009), making it temporally unavailable for microorganisms, which possibly 
occurred here. Moreover, the pore volume of biochar increases with higher pyrolysis 
temperatures (Downie et al., 2009), which could possibly explain our observation that N2O 
emissions were more suppressed at higher pyrolysis temperatures, which was the case for 
both urea and NO3
-
 fertilizer treatments. Biochar labile carbon fractions (Chapter 2) are 
generally too low to cause microbial N immobilization (see Chapter 7), but other microbial 
stimulating processes induced by biochar, e.g. a change in soil pH, microbial protection in 
biochar pores, bacterial adhesion or sorption of compounds that would otherwise inhibit 
microbial growth, could possibly increase the total microbial abundance or activity 
(Lehmann et al., 2011), thereby consuming more N and thus immobilizing N biotically. 
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Table 6.5 Possible mechanisms for observed N2O reduction and/or observed reduced mineral N availability with biochar application, according to the 
respective authors. 
 
o = mechanism considered to be unlikely, x = mechanism considered to be likely 
Reference
Biotic
Electrostatic Physical
Ameloot et al. (2013) x x x
Angst et al. (2013) o x
Augustenborg et al. (2012) o x
Case et al. (2012) x x o o
Kammann et al. (2012) x x x o
Rogovska et al. (2011) x
Singh et al. (2010) x x
Spokas & Reicosky (2009) x
Stewart et al. (2012) o x x x x
Taghizadeh-Toosi et al. (2011) x x x
van Zwieten et al. (2010) x x
Yanai et al. (2007) o x
Zheng et al. (2012) o x x
Abiotic
N immobilization
NH3 formation + 
adsorption
Microbial 
inhibition
pH increase
Improved soil 
aeration
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Simek and Cooper (2002) conclude first that the overall biological rate of production of 
nitrogen gases (N2O, NO, N2) formed in and emitted from the soil is less in acidic soils 
than in neutral or slightly alkaline soils, and second that at higher soil pH, denitrification 
yields relatively less N2O leading to a lower N2O:N2 ratio. Thus, in case the pH hypothesis 
(iv) is valid, the N2O:N2 ratio should decrease with biochar addition, and NO3
-
 
concentrations could be decreased. However, as a rather low biochar dose was used (5 g 
kg
-1
 soil), it is expected that soil pH would only be slightly increased, and in case bulk soil 
pH would not be affected, microorganisms could still experience higher pH values in 
microsites close to biochar particles (Lehmann et al., 2011). It is highly questionable if this 
small pH increase (in bulk soil or as experienced by microorganisms) would cause N2O 
emissions to decrease by on average 83%. Moreover, the soil pH is in the same range as 
the pine-450°C biochar pH, while N2O emissions were also decreased when this biochar 
was applied. Also Case et al. (2012) consider the pH hypothesis as unlikely, as in their 
water holding capacity (WHC) experiment, cumulative N2O emissions decreased by 92% 
from 1 to 10% biochar addition, while soil pH only increased from 8 to 8.2. Also Yanai et 
al. (2007) exclude this hypothesis as main mechanism, as they found that adding ash (pH 
11.6) did not suppress N2O emissions, in contrast to adding charcoal (pH 9.3) reducing 
N2O emissions with 80%. However, in our study, biochar pH was not significantly 
correlated with the N2O emission decreases, but a trend towards enhanced N2O emission 
reduction for higher biochar pH-values, and thus higher pyrolysis temperatures, for the 
urea and NO3
-
 fertilizers was observed (Figure 6.5). This indicates that biochar pH could 
have contributed to the emission reduction and could explain differences between biochar 
treatments but is likely not the main factor explaining the N2O emission decrease in the 
biochar treatments. It has to be noticed that at higher pyrolysis temperature, both biochar 
pH and pore volume increase. Possibly both mechanisms act simultaneously, resulting in 
decreased N2O emissions at high compared to low pyrolysis temperature biochars. 
Biochar could have adsorbed water, thereby improving the aeration of the soil (Yanai et 
al., 2007) and reducing N2O emissions (hypothesis v). However, improvement of soil 
structure and soil aeration does not seem likely in our study: if suppression of 
denitrification through increased aeration would be the main mechanism reducing N2O 
emissions, this would be contradictory to the observed decrease in soil NO3
-
 concentrations 
with biochar addition, which is valid for both urea and NO3
-
 fertilizer treatments. Case et 
al. (2012) tested the aeration hypothesis through soil incubations at uniform water holding 
Chapter 6   
110 
 
capacity, and observed that the effect of increased soil aeration with biochar was minimal. 
Also results from Scheer et al. (2011) do not support this hypothesis. Scheer et al. (2011) 
observed generally lower N2O emissions from biochar (cattle feedlot waste) amended plots 
(10 t ha
-1
) in a field trial when WFPS was below 75%, while after a heavy rainfall event, 
when WFPS exceeded 80%, higher N2O emissions were found in the biochar amended 
plots compared to the control soil. In contrast, Stewart et al. (2012) found that the higher 
the biochar dose, the higher the soil WHC and the lower the N2O emissions. So the 
increased WHC suggested an increased pore space with biochar addition. 
The first five hypotheses directly influence mineral N availability in soil. This is not valid 
for the N2O sorption hypothesis (vi). As soil N availability and N2O emissions are likely 
related, this hypothesis as main N2O emission reduction mechanism is therefore unlikely, 
as it cannot explain the decreased NO3
-
 availability with biochar. It cannot be excluded 
though, that N2O emissions were higher in the biochar treatments than in the control soil 
and subsequently sorbed to biochar.  
The most likely mechanisms suppressing N2O that remain in our study are (i) biotic N 
immobilization (not caused by the labile C fraction of biochar), (ii)  non-electrostatic 
sorption of NH4
+
 or NO3
-
 through biochar micropores, and (iii) in case of the urea fertilizer 
treatment, stimulated NH3 emissions. Biochar pH could have contributed to the emission 
reduction. Also Nelissen et al. (2012) (Chapter 3) concluded that biochar enhances 
microbial N immobilization and they observed higher net abiotic NO3
-
 immobilization with 
biochar application compared to a control loamy sand soil. 
 
6.4.2 Effect of biochar on NO emissions 
In the control soil, NO emissions were highest after NH4
+
 fertilizer application. This was 
expected, as nitrification is the dominant source of NO in many agricultural soils in 
temperate climates (Skiba et al., 1997). NO emissions were significantly decreased by 
biochar in all fertilizer treatments.  
As this is, to our knowledge, the first study investigating the effect of biochar on NO 
emissions, our findings cannot be compared to other literature results and the mechanisms 
through which biochar can decrease NO emissions are not elucidated yet. However, similar 
to N2O it is probable that biochar affected NO emissions by influencing properties such as 
pH and mineral N availability. The questions asked were: could biochar influence 
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nitrification in such a way that NO emissions were decreased and is there a link with the 
decrease of N2O emissions? We suggest following hypotheses: biochar (i) sorbs NO, (ii) 
stimulates NH3 volatilization, (iii) affects the nitrification process or (iv) decreases NH4
+
 
availability through an abiotic or biotic process, thereby decreasing substrate availability 
for nitrification and subsequently decreasing NO emissions.  
The highly porous surfaces of biochar have been shown to adsorb N2O, CO2 and CH4 (Van 
Zwieten et al., 2009), and evidence of NO adsorption on activated coconut charcoal exists 
(Hanono and Lerner, 1976). Therefore, it could be hypothesized that biochar could also 
adsorb NO (hypothesis i). However, more research is needed to investigate the potential of 
biochar to sorb NO when dispersed in the soil matrix and, in case NO sorption occurs, this 
would not explain the decreased NO3
-
 concentrations in the biochar treatments compared to 
the control. Biochar could have stimulated NH3 emission from high pH micro-sites close to 
biochar particles (hypothesis ii), after which the produced NH3 could have been adsorbed, 
as suggested by Taghizadeh-Toosi et al. (2011), or lost. They also observed decreased 
NO3
-
 concentrations with biochar addition, and explain this by less inorganic N available 
for nitrification. However, this mechanism could not be valid for the decreased N2O 
emissions after NO3
-
 application in our study. A faster nitrification rate (hypothesis iii) is 
likely to occur with biochar application due to adsorption of certain organic compounds 
that inhibit nitrification (DeLuca et al., 2006) or due to a soil pH increase upon biochar 
addition (Nelissen et al., 2012; Chapter 3), as ammonia mono-oxygenase, the key first 
enzyme in the nitrification pathway, uses NH3 as a substrate rather than NH4
+
 (Ball et al., 
2011). However, in the soil type used, nitrification rates are already generally high, as 14 
days after fertilizer application, almost all NH4
+
 (that not has been volatilized or 
immobilized) had been nitrified. In contrast, biochar could contain microbial inhibiting 
compounds, which could inhibit the nitrification process (Spokas et al., 2010), but if this 
hypothesis would be valid, higher NH4
+
 concentrations would be expected in the biochar 
treatments compared to the control, which was not the case. For these reasons, also the 
third hypothesis is considered as improbable. The correlation between NO emission 
decrease after urea addition and pH was significantly negative (which can be related to the 
significant pyrolysis temperature effect on NO emissions after urea application; Table 
6.2c), showing that when biochar pH increases, NO emissions were less decreased, which 
is opposite to the pyrolysis temperature trend observed for N2O emissions. After NH4
+
 and 
NO3
-
 fertilizer addition, NO emission reductions were not correlated with biochar pH and 
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no clear trend regarding pyrolysis temperature was observed (Table 6.2c), although in the 
NO3
-
 fertilizer treatment NO emissions were more reduced in the high compared to the low 
temperature biochar treatments, but only significantly for one feedstock (Table 6.2c). In 
this fertilizer treatment, NO was produced during denitrification. Possibly, biochar pH or 
pore volume contributed to the emission reduction. As already mentioned, sorption results 
for the willow and pine biochars show that quick electrostatic sorption of NH4
+
 or NO3
-
 to 
biochar is unlikely (Chapter 7) (hypothesis iv). As not the same  temperature trend was 
observed as for N2O, possibly non-electrostatic sorption of NH4
+
 was not important for 
reducing NO emissions in the urea and NH4
+
 fertilizer treatments.  
For these reasons, the most likely mechanisms suppressing NO emissions are (i) biotic N 
immobilization, (ii) in case of the urea and NH4
+
 fertilizer treatments, stimulated NH3 
volatilization and (iii) in case of the NO3
-
 fertilizer treatments, possibly biochar pH or pore 
volume contributed to the emission reduction. 
 
6.5 Conclusions 
The effect of seven different biochar types on soil mineral N concentrations and N2O and 
NO emissions after urea, NH4
+
 and NO3
-
 fertilizer addition was investigated. Soil NO3
-
 
concentrations were decreased with biochar addition in all fertilizer treatments by 6 to 
16%. Moreover, biochar application decreased both cumulative N2O (52 to 84%) and NO 
(47 to 67%) emissions compared to a corresponding treatment without biochar upon urea 
and NO3
-
 fertilizer application, and only NO emission after NH4
+
 fertilizer application. 
N2O emissions were more decreased at high compared to low pyrolysis temperature. As 
NO and N2O were mainly produced upon NH4
+
 and NO3
-
 addition, respectively, our study 
indicates that biochar affects nitrification as well as denitrification. Generally, emission 
reductions could not be correlated to the biochar characteristics measured, although there 
was a trend towards higher N2O emission reduction at higher biochar pHs.  
Improved soil aeration, electrostatic NH4
+
 and NO3
-
 immobilization, microbial inhibition 
of (de)nitrification, and N2O and NO sorption are unlikely mechanisms explaining the 
decreased N2O and NO emissions in this study. N2O emissions were likely reduced 
because of reduced substrate availability for denitrification due to (i) biotic N 
immobilization (not caused by the  labile C fraction of biochar), (ii)  non-electrostatic 
sorption of NH4
+
 or NO3
-
 through biochar  micropores, and (iii) in case of the urea fertilizer 
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treatment, stimulated NH3 emissions. Biochar pH could have contributed to the emission 
reduction. NO emissions were likely reduced because of reduced substrate availability for 
nitrification due to (i) biotic N immobilization, and (ii) in case of the urea and NH4
+
 
fertilizer treatments, stimulated NH3 volatilization. In case of the NO3
-
 fertilizer treatments, 
non-electrostatic sorption of NO3
-
 and/or biochar pH could have contributed to the 
emission reduction. Most likely, the effect of biochar on N2O and NO emissions is 
regulated by several mechanisms acting simultaneously.  
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CHAPTER 7 
7 Short-term effect of feedstock and pyrolysis 
temperature on biochar characteristics, soil and 
crop response in temperate soils 
After: Nelissen, V., Ruysschaert, G., Müller-Stöver, D., Bodé, S., Cook, J., Ronsse, F., 
Shackley, S., Boeckx, P. & Hauggaard-Nielsen, H., submitted. Short-term effect of 
feedstock and pyrolysis temperature on biochar characteristics, soil and crop response in 
temperate soils. Agronomy. 
 
Abstract 
Background and aims At present, there is limited understanding of how biochar application 
to soil could be beneficial to crop growth in temperate regions and which biochar types are 
most suitable. The effect of biochar (2 feedstocks: willow, pine; 3 pyrolysis temperatures: 
450°C, 550°C, 650°C) on nitrogen (N) availability, N use efficiency and crop yield was 
studied in northwestern European soils using a combined approach of process-based and 
agronomic experiments 
Methods Biochar labile carbon (C) fractions were determined and a phytotoxicity test, 
sorption experiment, N incubation experiment and two pot trials were conducted.  
Results Generally, biochar caused decreased soil NO3
- 
availability and N use efficiency, 
and reduced biomass yields compared to a control soil. Soil NO3
-
 concentrations were 
more reduced in the willow compared to the pine biochar treatments and the reduction 
increased with increasing pyrolysis temperatures, which was also reflected in the biomass 
yields. 
Conclusions Woody biochar types can cause short-term reductions in biomass production 
due to reduced N availability. This effect is biochar feedstock and pyrolysis temperature 
dependent. Reduced mineral N availability was not caused by labile biochar C nor 
electrostatic NH4
+
/NO3
- 
sorption. Hence biochar addition might in some cases require 
increased fertilizer N application to avoid crop growth retardation.  
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7.1 Introduction 
Biochar application to soils has gained attention as a climate change mitigation strategy, as 
it could act as a long-term carbon (C) sink (Lehmann et al. 2006). If in addition biochar 
could increase crop yields and improve soil quality, this would distinguish it from costly 
geo-engineering measures to mitigate climate change (Sohi 2012). A meta-analysis by 
Jeffery et al. (2011) revealed a small (ca. 10%), but statistically significant, average 
increase in crop productivity with biochar application in tropical and subtropical regions. 
Only one study from a temperate region (New Zealand) was included in their meta-
analysis, showing the need for more research in temperate regions. Three years later, 
biochar research is emerging throughout these regions, including lab, pot and field studies 
(e.g. Bruun et al. 2012; Kammann et al. 2011; Jones et al.  2012). This is also reflected in 
the meta-analysis from Biederman and Harpole (2013), which included several studies 
from temperate regions. Their study confirmed the overall positive effect of biochar 
application on aboveground plant production and yield, but the authors simultaneously 
stressed the importance of feedstock source and pyrolysis settings on the effect size of 
biochar treatments. 
At present, there is limited understanding of which biochar types are most suited for 
enhancing soil properties and processes in function of crop growth in temperate regions. 
Consequently, more insight is needed into the effect of biochar on soil properties and 
processes, and crop growth. Results from incubation experiments often show net nitrogen 
(N) immobilization after applying biochar to soil (Bruun et al. 2011; Ippolito et al. 2012; 
Knowles et al. 2011; Nelissen et al. 2012 (Chapter 3); Novak et al. 2010). Mostly, 
hypotheses for this observation include microbial immobilization (e.g. Ippolito et al. 2012) 
or ammonium (NH4
+
) and nitrate (NO3
-
) sorption (e.g. Knowles et al. 2011). However, 
these studies are not linked to pot or field trials using the same soil and biochar types and 
hence cannot confirm if the observed N immobilization would reduce crop growth in the 
short term. Pot trials and field experiments with other biochar types did mostly not support 
the N immobilization results from incubation experiments, as equal or higher crop yields 
were often observed with biochar addition (Jones et al. 2012; Kammann et al. 2011; 
Lugato et al. 2013; Vaccari et al. 2011). It is thus questionable whether incubation tests are 
of any value for the indication of short-term effects on crop growth. Therefore, there is a 
need for combining laboratory, pot and field experiments in order to get a better 
mechanistic insight into biochar soil-plant effects. Moreover, biochar properties depend on 
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both feedstock and production conditions (Ronsse et al. 2013), which complicates 
identifying biochar types that are best suited to apply in temperate regions. 
The objectives of this study were to investigate the effect of the application of biochar 
produced from different woody feedstocks (willow and pine) and pyrolysis temperatures 
(450°C, 550°C and 650°C) on soil properties and processes, as well as crop growth 
through conducting a series of experiments, being 1) a mineral N adsorption experiment, 2) 
a phytotoxicity test, 3) an incubation experiment in which the effect of biochar on soil 
mineral N availability was tested, and 4) pot experiments using two temperate soil types to 
assess biomass production and N use efficiency. The biochars were characterized and an 
incubation study was conducted to determine the labile carbon fractions. We hypothesized 
that biochar addition to soil reduces soil mineral N availability, which would be reflected 
in reduced crop yield. We further hypothesized that reduced mineral N availability would 
be due to N adsorption to biochar because of its high CEC or due to biotic N 
immobilization because of the labile C fraction of biochar.  
 
7.2 Materials and methods 
The six biochars were characterized and a phytotoxicity test, N incubation experiment and 
a pot trial were conducted at the Institute for Agricultural and Fisheries Research (ILVO) 
(Belgium). The pot trial was repeated at the Department of Chemical and Biochemical 
Engineering, Technical university of Denmark (DTU), Campus Risø. In the pot trials, a set 
of parameters was measured in common (soil pH, soil mineral N and dry matter yield); at 
ILVO, extra crop analyses, while at DTU, extra soil analyses were conducted. 
 
7.2.1 Soil 
The soil used in the phytotoxicity test, N incubation experiment and pot trial conducted at 
ILVO was a sandy loam (USDA) soil containing 8.8% clay (< 2 µm), 24.6% silt (2 – 50 
µm) and 66.6% sand (50 – 2000 µm). It was collected in August 2009 from the 0-20 cm 
layer of an agricultural field located at ILVO in Melle, Belgium (50°59′N, 3°47′E). It was 
air-dried until a water content below 50% WFPS (water-filled pore space) was reached 
after which it was sieved to obtain the < 1 cm fraction. Soil pH was measured in a 1 M KCl 
solution (1:5 v:v) (ISO 10390). Total carbon (TC) content was measured on oven dried 
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(70°C) soil samples (ISO 10694) by dry combustion using a TC-analyzer (Primacs
SLC
, 
Skalar, the Netherlands). Total N content was also determined by dry combustion (Dumas 
principle, ISO 13878; Flash 4000, Thermo Scientific, US).  
The soil used in the pot trial conducted at DTU was a sandy loam (IUSS) soil containing 
11% clay (< 2 µm), 14% silt  (2 – 20 µm), 49% fine sand (20 – 200 µm), and 25% coarse 
sand (200 – 2000 µm). The soil was collected in March 2009 from the 0-25 cm layer of an 
agricultural field located at Campus Risø in Roskilde, Denmark (55°41’N, 12° 05’E). It 
was air-dried and sieved to obtain the < 1 cm fraction. Soil pH was measured in a 1 M KCl 
solution (1:5 v:v) (ISO 10390), while TC and TN were measured using an elemental 
analyzer (EA-1110 CHN, CE Instruments, UK). 
 
7.2.2 Biochar characterization 
The six biochar types used were produced in a batch pyrolysis unit at the UK Biochar 
Research Centre (University of Edinburgh) from willow (Salix viminalis L.) and Scots pine 
(Pinus sylvestris L.) at three different treatment temperatures (450°C, 550°C and 650°C). 
Biochar characteristics are described in Chapter 2. 
Total metal concentrations were measured using ICP-OES after ashing at 750°C followed 
by extraction with aqua regia (nitro-hydrochloric acid). Biochar polycyclic aromatic 
hydrocarbons (PAHs) were determined by extracting 4 g of biochar with DCM-Acetone 
(1:1) on an accelerated solvent extractor (ASE300, Thermo Scientific Dionex, US). 
Extracts were reduced in volume to 5 ml using a Turbovap under a flow of N2-gas. A 
surrogate (ortho-terphenyl) was added to the sample prior to extraction and was used to 
determine PAH recovery. An internal standard (5-alpha androstane) was added to the 
extract after extraction / solvent volume reduction but prior to analysis by GC-MS. Sixteen 
PAHs were determined individually and corrected using the recovery of the surrogate. 
To test how much NH4
+
-N and NO3
-
-N could be adsorbed to biochar, first a preliminary 
sorption experiment was conducted with the willow-450°C, willow-650°C, pine-450°C and 
pine-650°C biochars. Twenty-five ml of NH4Cl or KNO3 solutions with different N 
concentrations (10, 25, 50, 100 mg N l
-1
 for NH4Cl; 1, 5, 10 mg N l
-1
 for KNO3) was added 
to 0.5 g (oven-dry basis) of each biochar type (1 replicate). Also a control treatment 
without biochar (so only solution) was included. These mixtures were shaken for 1 hour 
and then filtered (MN 640 w filters), after which NH4
+
 or NO3
- 
concentrations were 
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measured in the filtrates using a continuous flow analyzer (FIAstar 5000, Foss, Denmark). 
Sorption of N was calculated as the difference between the amount of added N, as 
measured in the control,  and the amount of N in the extract after shaking. For both NH4
+
 
and NO3
-
, sorption did not increase when adding higher N concentrations (data not shown). 
After this preliminary study, the experiment was repeated with 3 replicates per treatment 
and with a concentration of 10 mg N l
-1
 for both NH4Cl and KNO3. 
 
7.2.3 Phytotoxicity test 
Phytotoxicity was tested in soil mixed with biochar, as well as in sulphuric acid-washed 
sand mixed with biochar. For the former, the soil was sieved (2 mm), and water was added 
to obtain a moisture content of 50% water filled pore space (WFPS). The six biochar types 
(sieved to < 0.5 cm) were mixed with soil at a dose of 10 g fresh biochar kg
-1
 dry soil each. 
Petri dishes were packed with moist soil (equivalent to 60 g oven-dried soil) until a bulk 
density of 1.3 g cm
-
³ was obtained. For the second toxicity test, which was based on a 
standard phytotoxicity test for compost (CMA/2/IV/12, in Dutch), the sand was mixed with 
each of the six biochars in a 50:50 volume ratio. These mixtures were brought to 50% FC 
(determined as described previously) and spread in the petri dishes. Control treatments 
contained only sand or soil. For both toxicity tests, 50 Lepidium sativum L. seeds were 
spread on top of every mixture and all petri dishes were covered and artificially lighted 
(12/12 hrs, 750 to 1250 lux, 20°C ± 2°C) for 10 days. The experimental design used was a 
randomized block design with four replicates. Germinated seeds were counted, 
investigated for normal  root and shoot growth, and removed after 4 and 10 days. 
Phytotoxicity was then calculated using the equation (CMA/2/IV/12): 
Phytotoxicity (%) = (Kr – Ks)/Kr x 100    (2) 
where Kr is the germinative capacity (sum of the normally developed seeds from both 
counts) of L. sativum in the control treatments (sand or soil) and Ks the germinative 
capacity of L. sativum in sand- or soil-biochar mixtures. 
 
7.2.4 Nitrogen incubation experiment 
The effect of biochar on soil NH4
+
 and NO3
-
 concentrations was tested in a four-week 
incubation experiment. Sieved biochar (< 0.5 cm) was mixed with moist soil (equivalent to 
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263 g oven-dried soil; adjusted with distilled water to 50% WFPS) at a dose of 10 g fresh 
biochar kg
-1
 dry soil. PVC tubes (h = 12 cm, r = 2.3 cm) were filled with these mixtures in 
order to reach a bulk density of 1.3 g cm
-3
. To each biochar treatment and a control 
treatment without biochar, N fertilizer was added as NH4NO3 solution in 3 different 
dosages: 0, 12.8 and 38.5 mg N kg
-1
, corresponding to field application rates of 0, 50,
 
and 
150 kg N ha
-1
 (assuming a soil depth of 0.30 m and soil bulk density equal to 1.3 g cm
-3
), 
resulting in 21 treatments in total. The tubes were covered with a single layer of gas 
permeable parafilm to avoid water evaporation and subsequently incubated at 15°C and 
70% relative humidity. The experimental design used was a completely randomized design 
with three replicates. Twelve tubes per treatment were set up in order to be able to analyze 
soil mineral N (NO3
-
 + NH4
+
) destructively at 7, 14, 21 and 28 days after the start of the 
incubation. For that purpose, soil from three replicates per treatment was extracted using 1 
M KCl (1:5 w:v) (ISO 14256-2) after which the mineral N concentration of the extracts 
was measured using a continuous flow analyzer (FIAstar 5000, Foss, Denmark). One extra 
soil or soil-biochar sample per treatment was prepared and immediately extracted in order 
to analyze mineral N at the start of the experiment.  
 
7.2.5 ILVO pot trial  
A pot trial was conducted in a greenhouse with a light regime of 16 h day/8h night using 
two crops (radish (Raphanus sativus L.) and spring barley (Hordeum vulgare L.)), 2 
fertilizer doses (0 and 12.8 mg N kg
-1
, equating to field application rates of 0 and 50 kg N 
ha
-1
,  assuming a soil depth of 0.30 m and soil bulk density equal to 1.3 g cm
-3
) and 2 
biochar doses (0 and 10 g fresh biochar kg
-1
 dry soil). Tap water and fertilizer solution 
(NH4NO3) were added to the soil in order to reach a water content of 50% WFPS, after 
which sieved biochar (< 0.5 cm) was added and mixed thoroughly with the soil. For 
growing radish and spring barley, respectively, two sizes of plastic pots were used: 2 l (h = 
13.2 cm; d = 16.7 cm; 2 kg soil on a dry weight basis) and 5 l pots (h = 18.1 cm; d = 
22.5cm; 5 kg soil on a dry weight basis). The soil bulk density was 1.3 g cm
-
³. Ten seeds of 
radish or 14 seeds of spring barley were sown. The experimental design used was a 
randomized block design with four replicates. One extra soil or soil-biochar sample per 
treatment was prepared at the start of the experiment in order to determine soil mineral N 
content and pH-KCl (analyzed as described previously). After emergence, seedlings were 
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thinned to 5 for radish and 8 for spring barley. During the experiment, the soil moisture 
content was kept at 50% WFPS.   
The experiment was terminated 5 weeks after sowing and pH-KCl and soil mineral N 
content were determined as described previously. Since no tuber growth was observed in 
radish plants (probably due to light deficiency in the initial growth stadium), only 
aboveground biomass (per pot) was harvested in both radish and spring barley. 
Subsequently, the plant material was dried at 70°C to constant weight and dry matter yield 
(per pot) was determined. N content was determined in ground plant material by the block 
digestion/steam distillation method (Kjeldahl method, ISO 5983-2). Aboveground biomass 
N uptake (per pot) was calculated by multiplying the aboveground dry matter production 
per pot by the aboveground biomass N concentration. N use efficiency (NUE) was 
calculated as follows: 
                                                 NUE (%) = [(Nf) – (Nnf)] / R    (3) 
where Nf is the aboveground biomass N uptake in the fertilized treatment (mg N kg
-1
 dry 
soil), Nnf the aboveground biomass N uptake in the unfertilized control treatment (mg N 
kg
-1
 dry soil) and R the fertilizer dose applied (12.8 mg N kg
-1 
dry soil). 
 
7.2.6 DTU pot trial  
A pot trial with identical treatments as for the ILVO pot trial was conducted in a growth 
chamber with a light regime of 16 h day/8 h night and a temperature regime of 19°C 
day/12°C night. One extra soil sample for each treatment (analyzed in triplicate) was 
prepared at the start of the experiment in order to determine initial mineral N content, pH-
KCl, total N (TN), total dissolved N (TDN), total carbon (TC) and dissolved organic 
carbon (DOC). Soil was extracted in a 0.01 M CaCl2 solution (1:5 w:v), after which 
mineral N and TDN was measured in the extracts using a continuous flow analyzer (AA3, 
Bran and Luebbe, Germany). DOC was analyzed in the same extracts on a TOC-VCPH 
(Shimadzu Corp., Kyoto, Japan). Soil pH was measured in a 1 M KCl solution (1:5 v:v) 
(ISO 10390). TC and TN were measured using an elemental analyzer (EA-1110 CHN, CE 
Instruments, UK). At the end of the experiment, six weeks after sowing, mineral N content, 
pH-KCl, TDN and DOC were determined as described above. For radish, belowground 
(roots) and aboveground (leaves) fresh biomass were harvested separately. Spring barley 
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was harvested by cutting it just above soil level. The plant material was dried at 70°C to 
constant weight in order to determine dry matter yield (per pot). 
 
7.2.7 Statistical analyses 
Phytotoxicity data were analyzed using a one-tailed t-test, in order to verify whether 
phytotoxicity was larger than zero.  
For the N incubation experiment, the effect of biochar addition on NO3
-
 concentrations 
after four incubation weeks was investigated using a three step approach. First, we 
determined if the presence of biochar or not (factor 1; levels: yes or no) and fertilizer dose 
(factor 2) had an effect on NO3
- 
concentrations using a two-way analysis of variance 
(ANOVA). Second, we tested which biochar treatments were different from the control 
regarding NO3
-
 concentrations at the end of the incubation period for every biochar 
treatment individually, separately for each fertilizer dose, using independent t-tests. Last, 
we investigated the effect of biochar feedstock, pyrolysis temperature and fertilizer dose 
using a three-way ANOVA, with the relative difference (in %) in NO3
-
 concentrations 
between the biochar and control treatments as dependent variable. There were no 
significant interactions between the factors. A post-hoc Scheffé test was used to compare 
the effect of the individual levels of factor pyrolysis temperature on the NO3
-
 
concentration. The effect of biochar addition on NH4
+
 concentrations after four weeks of 
incubation was investigated using a two-way ANOVA including the factors presence of 
biochar and fertilizer dose. As the factor presence of biochar was not significant, no further 
analyses were undertaken. 
The data from the pot trials, except for NUE, were analyzed using two-way ANOVA, 
including the factors biochar type (including the control) and fertilizer dose. In case the 
interaction term was significant (P < 0.05), a one-way ANOVA including the factor 
biochar type was run for each fertilizer dose separately. A post-hoc Scheffé-test was used 
to compare the effect of the individual levels of the factor biochar type. For the NUE data, 
a one-way ANOVA was conducted, and treatment means were compared using a post-hoc 
Scheffé-test. For all statistical analyses, SPSS 20.0 (IBM Corp., Armonk, NY) was used. 
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7.3 Results 
7.3.1 Soil and biochar characterization 
The soil from ILVO was rather low in C content (TC = 1.00%) and pH-KCl (5.5), while 
DTU soil had a slightly higher C content (TC = 1.47%) and neutral pH-KCl (7.1). Total N 
of the ILVO and DTU soil were respectively 0.11% and 0.16%, resulting in C:N ratios of 
9.1 and 9.2. Soil NH4
+
 and NO3
-
 concentrations were respectively 1.1 and 12.9 mg N kg
-1 
at ILVO and 1.5 and 21.6 mg N kg
-1
 at DTU.  
Biochar characteristics are described in Chapter 2. From the sorption experiment, it was 
observed that the willow-450°C, willow-650°C, pine-450°C and pine-650°C biochars can 
adsorb 4.9 ± 2.8, 5.9 ± 2.3, 10.0 ± 2.7 and 15.3 ± 5.3 mg NH4
+
-N kg
-1
 biochar, and 3.7 ± 
1.4, 19.0 ± 1.6, 12.2 ± 5.9 and 12.3 ± 2.3 mg NO3
-
-N kg
-1
 biochar, respectively (mean ± 
standard deviation). Consequently, when biochar is applied to soil at a dose of 10 g biochar 
(dry base) kg
-1
 soil (dry base), a maximum of 0.15 mg NH4
+
-N kg
-1
 soil and 0.19 mg NO3
-
-
N kg
-1
 soil can be adsorbed to biochar. 
Total Cu, Zn, Na, Ca, Mg, K, Sr, and B concentrations were higher in the willow biochars 
compared to the pine biochars, while for Fe and Ti the opposite was the case (Table 7.1). 
Napthalene was the dominant PAH for all biochar types and the highest concentration was 
found in pine-650°C, that consequently also had the highest total PAH concentration 
(Table 7.2). The cumulative biochar-C mineralization rate (Chapter 2) was highest during 
the first days of incubation, after which the rate decreased as a function of time to reach a 
steady state at end of incubation. As expected, the labile C fraction (Cmax) increased with 
decreasing pyrolysis temperature. It was highest for willow-450°C (3 mg C g
-1
 biochar-C) 
and lowest for pine-650°C (0.38 mg C g
-1
 biochar-C), but generally, labile C fractions were 
low (max. 0.3 % of biochar-C) (Chapter 2).  
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Table 7.1 Total metal concentrations of the biochars used (n = 1) 
Concentrations of As, Be, Cd, Cr, Pb and Hg were below the detection limit (being respectively 2.5, 5.0, 0.5, 
2.5, 1.5 and 2.5 mg kg
-1
). 
 
Table 7.2 Concentrations of polycyclic aromatic hydrocarbons (PAHs) present in the 
biochars (n = 1). 
 
Concentrations of anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(g,h,i)perylene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene, fluoranthene, indeno (1,2,3-
cd)pyrene and pyrene were below the detection limit. 
 
7.3.2 Phytotoxicity test 
When a biochar dose of 10 g kg
-1
 was added to soil, the 6 biochars were not phytotoxic (P 
≥ 0.14; Table 7.3). At a very high biochar dose (50:50 v:v, biochar:sand), three of the six 
biochars turned out to be phytotoxic (P ≤ 0.05; Table 7.3). This was the case for the two 
chars produced at 650°C and the willow char produced at 550°C. In these three treatments, 
it was visually observed that root and shoot growth were suppressed, although 97% (± 2.7) 
of the seeds had germinated. 
 
Al Cu Fe Mn Ni Si Ti Zn
Willow-450° 64.11 20.8 59.8 34.5 1.13 293 0.5 80.3
Willow-550°C 208 20.1 121 46.3 3.22 494 2.8 95.5
Willow-650°C 133 25.6 154 44.7 8.61 227 3.9 145
Pine-450°C 191 5.4 173 44.5 1.99 321 5 1
Pine-550°C 370 10.4 368 35.6 3.21 198 11.2 2.2
Pine-650°C 205 16.9 135 40.7 1.88 153 6.1 5.1
V Ba Na Ca Mg K Sr B
Willow-450° 2.7 11.2 627 9755 1617 1858 81.6 15.13
Willow-550°C 5.7 12.6 748 12384 1863 3392 114 19.11
Willow-650°C < 2.6 11.9 512 13618 2093 4446 142 21.7
Pine-450°C < 2.5 9.1 35.4 3454 517 67 18.4 2.34
Pine-550°C < 2.4 12.3 60.6 3438 674 239 18.9 2.88
Pine-650°C < 2.4 14.2 85.2 2863 541 379 16.4 4.83
mg kg
-1
mg kg
-1
PAH (mg kg
-1
) Willow-450°C Willow-550°C Willow-650°C Pine-450°C Pine-550°C Pine-650°C
Acenapthene  0.03 0.07 0.06 0.03 0.31 0.02
Acenaphthylene  0.01 0.11 0.14 0.04 0.26 0.94
Fluorene  0.04 0.02 0.01 0.03 0.31 0.02
Napthalene  1.62 6.64 5.92 3.77 5.95 27.41
Phenanthrene  0.13 0.07 0.02 0.19 0.37 0.07
Sum 1.83 6.91 6.15 4.06 7.2 28.46
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Table 7.3 Mean phytotoxicity of 6 biochars (± 1 standard deviation; n = 4) at a biochar application 
rate of 10 g kg
-1
 soil and in a biochar-sand mixture (50:50 v:v). 
 
 
7.3.3 Nitrogen incubation experiment 
Biochar addition to soil did not significantly affect NH4
+
 concentrations when compared to 
the control treatment four weeks after fertilizer application (Figure 7.1a for 150 kg N ha
-1
; 
data for 0 and 50 kg N ha
-1
 are similar and not shown). In the fertilized treatments, added 
NH4
+ 
was nitrified within one week (Figure 7.1b). After four weeks of incubation, biochar 
addition to soil reduced NO3
-
 concentrations significantly compared to the control (two-
way ANOVA, P < 0.001). However, t-tests show that NO3
-
 concentrations were not 
significantly decreased in all biochar treatments (Table 7.4). The relative difference (in %) 
in NO3
-
 concentrations between the biochar and control treatments was significantly higher 
in the willow compared to the pine biochar treatments (P < 0.001), and this relative 
difference was significantly higher at 650°C than at 450°C and 550°C (P < 0.001) (three-
way ANOVA). This means that generally, (i) willow biochar addition reduced NO3
-
 
concentrations more than pine biochar addition compared to the control and (ii) this NO3
-
 
reduction increased with increasing pyrolysis temperature. Therefore, applying willow-
650°C to the soil reduced NO3
-
 concentrations to the largest extent compared to the 
control, i.e. by 24.0 mg N kg
-1
 soil at the highest fertilizer dose (Figure 7.1b, Table 7.4). 
This corresponds to 93.6 kg N ha
-1 
when assuming a soil depth of 0.30 m and a soil bulk 
density equal to 1.3 g cm
-3
. 
 
 
 
 
Willow-450°C 0.5 ± 1.0 1.0 ± 2.9
Willow-550°C 1.0 ± 1.6 54.0 ± 4.2
Willow-650°C 2.0 ± 2.0 86.4 ± 14.1
Pine-450°C 2.5 ± 2.5 2.5 ± 1.9
Pine-550°C 0.0 ± 2.0 2.5 ± 1.9
Pine-650°C 0.0 ± 1.2 72.7 ± 33.0
10 g kg
-1
50:50 v:v
Phytotoxicity (% )
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 (a) 
 
(b) 
 
Figure 7.1 NH4
+
 (a) and NO3
-
 (b) concentrations in the control soil and biochar-amended 
treatments at a fertilizer dose of 150 kg N ha
-1
 (38.5 mg N kg
-1
); error bars indicate ± 1 standard 
deviation (n = 3)  
 
Table 7.4 NO3
-
 concentrations (mg N kg
-1
) in the control and biochar treatments (mean ± 1 
standard deviation; n = 3) after four incubation weeks for three fertilizer doses (0, 50 and 150 kg N 
ha
-1
). 
 
Treatments with * or ** are significantly different from the control at P < 0.05 (*) or at P < 0.001 (**) (ns = 
not significant). 
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Control 16.77 ± 0.39 28.18 ± 2.65 58.79 ± 2.27
Willow-450°C 10.71 ± 0.36 ** 21.96 ± 1.53 * 45.02 ± 2.16 *
Willow-550°C 11.82 ± 3.77 ns 18.55 ± 1.87 * 41.95 ± 1.99 *
Willow-650°C 6.73 ± 0.53 ** 15.13 ± 1.96 * 34.79 ± 4.63 *
Pine-450°C 14.58 ± 0.31 * 26.28 ± 1.67 ns 60.86 ± 0.46 ns
Pine-550°C 12.12 ± 1.36 * 26.27 ± 1.27 ns 51.11 ± 3.9 *
Pine-650°C 8.997 ± 0.37 * 19.17 ± 2.17 * 49.58 ± 0.87 *
Fertilizer dose (kg N ha
-1
)
0 50 150
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7.3.4 ILVO pot trial  
At radish harvest, soil pH was significantly higher in all biochar treatments (P < 0.05) 
compared to the control, except for the pine-450°C treatment (Figure 7.2a). The pH results 
at spring barley harvest confirm this observation (Figure 7.2b). Similar to the biochar pHs, 
soil pH results demonstrated two trends, (i) a higher pH increase with willow biochar 
addition compared to pine biochar addition and (ii) a higher pH increase with increasing 
pyrolysis temperatures (Figure 7.2a, b). At radish and spring barley harvest, there were no 
significant differences between the treatments for soil NH4
+
 concentrations, which were 
very low in all treatments (< 1.5 mg N kg
-1
). Soil NO3
- 
concentrations were generally 
increased with increasing pyrolysis temperature. For radish, NO3
- 
concentrations in the 
willow-650°C and pine-650°C treatments were significantly higher than in the control soil 
(Figure 7.2c). For spring barley, no significant differences were found except for lower 
NO3
-
 concentrations in the unfertilized pine-550°C treatment than in the control (Figure 
7.2d). 
For both fertilizer treatments, radish dry matter yields were generally decreased with 
biochar addition, and this decrease became more pronounced with increasing pyrolysis 
temperatures (Figure 7.3a, b). The yield reduction was significant for all biochars produced 
at 550°C and 650°C. For spring barley, this was only the case for the 650°C-treatments. 
Aboveground biomass N uptake was significantly lower in the biochar treatments (both 
unfertilized and fertilized) compared to the control, except for the unfertilized radish 
control versus pine-450°C and the fertilized spring barley control versus pine-450°C and 
pine-550°C treatments (Figure 7.4a, b). The N use efficiency results demonstrate lower 
NUE-values in the biochar treatments compared to the control soil (Figure 7.5). In some 
cases NUE was even negative, meaning that N uptake in these fertilized biochar treatments 
was lower than in the unfertilized control. 
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(a)                                                                                     (b)
  
(c) (d) 
  
Figure 7.2 pH-KCl (a, b) and NO3
-
 concentrations (c, d) in the control and biochar-amended 
treatments at two fertilizer doses (0 and 50 kg N ha
-1
) in the ILVO pot trial with radish (a, c) and 
spring barley (b, d); error bars indicate ± 1 standard deviation (n = 4); treatments with different 
letters differ significantly (P < 0.05) according to a Scheffé-test. In case of no interaction between 
the factors biochar type and fertilizer dose, there is only one letter per biochar treatment (a, b, c); in 
case of interaction, there is one letter on top of each bar (d) (capital and lowercase letters for 
unfertilized treatments and fertilized treatments, respectively). 
 
(a) (b) 
  
Figure 7.3 Radish (a) and spring barley (b) dry matter yield (per pot) in the control and biochar-
amended treatments at two fertilizer doses (0 and 50 kg N ha
-1
) in the ILVO pot trial; error bars 
indicate ± 1 standard deviation (n = 4); treatments with different letters differ significantly (P < 
0.05) according to a Scheffé-test (one letter per biochar treatment due to no interaction between 
factor biochar type and fertilizer dose). 
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(a)             (b) 
  
Figure 7.4 Aboveground biomass N uptake for radish (a) and spring barley (b) in the control and 
biochar-amended treatments at two fertilizer doses (0 and 50 kg N ha
-1
) in the ILVO pot trial; error 
bars indicate ± 1 standard deviation (n = 4); treatments with different letters differ significantly (P 
< 0.05) according to a Scheffé-test (capital and lowercase letters for unfertilized treatments and 
fertilized treatments, respectively). 
 
Figure 7.5 Nitrogen use efficiency in the control and biochar-amended treatments in the ILVO pot 
trials; error bars indicate ± 1 standard deviation (n = 4); treatments with different letters differ 
significantly (P < 0.05) according to a Scheffé-test (capital and lowercase letters for radish DTU 
pot trial). 
 
7.3.5 DTU pot trial 
Soil pH was not influenced by biochar addition at the start of the pot trial (data not shown). 
Also TN, TDN and DOC concentrations were not significantly affected by biochar 
addition, while TC was, as expected, significantly increased in the biochar treatments 
compared to the control (data not shown).  
In contrast to the ILVO radish trial, no significant differences were found in pH-KCl 
between the control and biochar treatments at harvest (data not shown), probably because 
the initial soil pH was already rather high and in the range of the biochar pH. Both NH4
+
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influenced by biochar at harvest, and had decreased compared to the initial values (1.7 ± 
0.7 mg NH4
+
-N kg
-1
;  21.3 ± 2.2 and 31.6 ± 2.5 mg NO3
-
-N kg
-1
 for the unfertilized and 
fertilized treatments, respectively). DOC and TDN concentrations were not influenced by 
biochar addition, but were lower (26.1 ± 6.0 mg DOC kg
-1
; 15.7 ± 3.1 and 16.9 ± 2.9 mg 
TDN kg
-1 
for unfertilized and fertilized radish treatments, respectively) compared to the 
initial values (31.7 ± 8.2 mg DOC kg
-1
; 37.7 ± 3.2 and 47.8 ± 4.0 mg TDN kg
-1 
for 
unfertilized and fertilized treatments, respectively). For spring barley, the soil results at 
harvest were similar to those for radish (data not shown). Radish dry matter yield was 
decreased with biochar addition in the unfertilized treatments, although not statistically 
significant, while in the fertilized treatments no trend was observed (Figure 7.6a). The 
barley dry matter yield at harvest was significantly lower in the 650°C-biochar treatments 
compared to the control soil (Figure 7.6b). 
(a) (b) 
  
Figure 7.6 Radish (a) and spring barley (b) dry matter yield (per pot) in the control and biochar-
amended treatments at two fertilizer doses (0 and 50 kg N ha
-1
) in the DTU pot trial; error bars 
indicate ± 1 standard deviation (n = 4); for (a) no significant differences were found; for (b) 
treatments with different letters  differ significantly (P < 0.05) according to a Scheffé-test (one 
letter per biochar treatment due to no interaction between factors biochar type and fertilizer dose). 
 
 
7.4 Discussion 
7.4.1 Biochar and toxicity 
The PAH results are consistent with other studies, as naphthalene is often the most 
abundant PAH in biochar (Fabbri et al. 2012). When the heavy metal and PAH 
concentrations are compared to the maximum concentrations allowed for waste materials 
used as a soil improver according to the Flemish waste legislation (VLAREMA), 
naphthalene exceeds the maximum concentration (2.3 mg kg
-1
), except for willow-450°C 
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(Table 7.2). However, it has to be noted that the analysis method prescribed by the Flemish 
waste legislation and the method used in our study differ, and that the Flemish waste 
legislation does not prescribe a maximum concentration for all parameters measured in our 
study. Depending on country specific waste legislations and required PAH analyses 
methods, some of the biochars used in our studies could possibly not be used in practice. 
The formation of PAH during biochar production can be minimized by appropriate 
selection of operating conditions of the pyrolysis process (Shackley and Sohi, 2010).  
Our phytotoxicity results (Table 7.3) at a biochar dose of 10 g kg
-1 
(corresponding to 40 ton 
ha
-1
)
 
are comparable to results from Van Zwieten et al. (2010b). Their germination test 
with various biochar (10 ton ha
-1
), crop and soil types did not reveal negative effects of 
biochar on plant germination. In contrast, our results at a 50:50 (v:v) dose, which is an 
unrealistically high application rate in agriculture, demonstrate that three out of six biochar 
types suppressed root and shoot growth (Table 7.3). Rogovska et al. (2012) performed 
germination tests using aqueous biochar extracts and attributed differences in shoot lengths 
to the inhibiting effect of PAHs and/or other organic compounds present in water extracts 
of biochars. However, in our study the willow-550°C and willow-650°C were phytotoxic, 
although their PAH contents were in the same range as for the non-phytotoxic pine-550°C 
biochar (Tables 7.2 and 7.3). The biochars’ heavy metal content (Table 7.1) cannot be 
related to phytotoxicity, but the presence and inhibiting effect of unidentified organic 
compounds cannot be excluded.  
 
7.4.2 Mechanisms for reduced N availability after biochar application 
Generally, biochar treatments reduced NO3
-
 availability compared to the control (up to 
93.6 kg N ha
-1
 after applying 150 kg N ha
-1
), implying a risk for retarded crop growth and 
lower crop yield in the short term, especially at the high temperature biochars (Figure 7.1 
and Table 7.4). The 
 
reduced N availability  was also feedstock dependent, as it was larger 
for willow than for pine biochar. There are five possible explanations for these 
observations: biochar addition caused (i) biotic or (ii) abiotic NH4
+ 
and/or NO3
-
 
immobilization, (iii) reduced soil organic matter (SOM) mineralization, (iv) suppressed 
nitrification or (v) increased gaseous losses.  
The labile C fractions of the chars were too low (maximum 3 mg C g
-1 
biochar-C (Chapter 
2), which corresponds in our study to 30 mg C kg
-1
 soil) to cause microbial immobilization 
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(hypothesis i). Assuming an average microbial biomass C:N ratio of 8 and a microbial 
efficiency of 0.4 (White 2006), microorganisms could immobilize a maximum of 1.5 mg N 
kg
-1
 soil, while e.g. in the willow-650°C treatment 24 mg NO3
-
-N kg
-1
 soil was 
immobilized. Moreover, biochar labile fractions are increased with decreasing pyrolysis 
temperature while the opposite is true for the observed amounts of available NO3
-
. 
However, other micro-organism stimulating processes induced by biochar, e.g. bacterial 
adhesion or a change in soil pH, could possibly increase the total microbial abundance or 
activity (Lehmann et al. 2011), thereby consuming more N and thus immobilizing N 
biotically. Also Bruun et al. (2011) observed short-term N immobilization with biochar 
addition, and explained this by the high C:N ratio and labile C fraction of the fast-pyrolysis 
biochar produced at 525°C. They hypothesize that a biochar produced at high temperatures 
by slow pyrolysis would probably have less impact on short-term N dynamics, but our 
results show the opposite.  
Reduced soil organic matter mineralization in the presence of biochar (hypothesis iii), as 
hypothesized e.g. by Knowles et al. (2011), seems unlikely, as the reduced NO3
- 
availability in the biochar treatments occurred already after one week. At that time, a 
significant mineralization was not yet observed in the control treatment, as the increase in 
NO3
-
 measured after the first week was equal to the decrease in (nitrified) NH4
+
.  
If suppression of autotrophic nitrification (hypothesis iv) had occurred, a higher NH4
+
 
content would have been measured in the biochar treatments compared to the control, 
which was not the case. Moreover, biochar application is supposed to enhance nitrification 
due to adsorption of certain organic compounds like phenolics (DeLuca et al. 2006) or due 
to a soil pH increase with biochar addition (Chapter 3).  
Whereas water-filled pore space (50%) was probably too low for high N2O and N2 
emissions, biochar could have stimulated NH3 volatilization (hypothesis v) in high pH 
micro-sites close to biochar particles. Moreover, the biochar types with higher pH tended 
to cause higher NO3
-
 reduction, indicating that biochar pH could have contributed to NH3 
volatilization. The produced NH3 itself can be sorbed on or within biochar in multiple 
ways (physical or chemical) (Spokas et al. 2012). Taghizadeh-Toosi et al. (2012) also 
showed that biochar can adsorb NH3, whereby it was reasonable to assume that this was a 
more dominant adsorption mechanism compared to NH4
+
-N adsorption, and that the 
adsorbed NH3-N remained bioavailable.  
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Another possible explanation for the lower NO3
-
 levels is abiotic N immobilization upon 
biochar addition (hypothesis ii). Due to the high CEC of the biochars, (mineralized) NH4
+
 
might be adsorbed and thus become unavailable for nitrification, resulting in reduced NO3
-
 
production. This could explain the lower NO3
-
 availability at higher pyrolysis temperatures 
as these biochars show an increased CEC. However, adsorption did not seem to have 
occurred immediately, as differences in NH4
+
 (and NO3
-
) concentrations between the 
treatments at the start of the experiment were small. Moreover, as 1 M KCl was the 
extraction agent for both CEC and mineral N determination, it would also be expected that 
NH4
+
 adsorbed to biochar due to CEC was KCl-extractable. The sorption experiment 
indicates that the biochars could not adsorb much NH4
+
 and NO3
-
 (maximum 0.15 mg 
NH4
+
-N kg
-1
 soil and 0.19 mg NO3
-
-N kg
-1
 soil compared to 24 mg N kg
-1
 soil immobilized 
in the willow-650°C treatment). As a consequence, our findings do not support abiotic 
electrostatic NH4
+
/NO3
-
 immobilization as main immobilization mechanism. However, 
other papers show the capacity of biochar to adsorb NH4
+
. Yao et al. (2012) conducted a 
sorption experiment, in which most biochars had capacity for removing NH4
+
 from 
aqueous solutions, independent of the biochar production temperature. In contrast, most 
tested biochars showed no sorption ability for NO3
-
, except for the ones produced at the 
highest pyrolysis temperature (600°C). Jones et al. (2012) observed a similar trend, as 
sorption isotherms of NO3
-
 and NH4
+
 with a woody high pH biochar revealed NH4
+ 
(maximum about 30 mg N kg
-1
 biochar) but almost no NO3
-
 sorption. It can, however, not 
be excluded that non-electrostatic sorption of NH4
+
 or NO3
-
 occurred. The latter could be 
explained by the high pore volume of biochar, which increases at higher pyrolysis 
temperatures (Downie et al. 2009). Major et al. (2009) mention that biochar porosity could 
contribute to nutrient adsorption by trapping nutrient-containing water, which possibly also 
occurred in our experiment. This does not correspond to the observations in the sorption 
experiment, but the behavior of N containing water was most probably different under soil 
circumstances compared to during the N sorption experiment. Also Knowles et al. (2011), 
Nelissen et al. (2012) (Chapter 3) and Novak et al. (2010) observed net NO3
-
 
immobilization with biochar addition, but the mechanism could not be elucidated.  
 
7.4.3 Crop growth effects 
The biomass yield data from both pot experiments corroborated the reduced N availability 
data obtained in the incubation study, as generally dry matter yield, crop N uptake and 
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NUE were decreased with biochar addition, especially at the high pyrolysis temperatures 
(Figure 7.3, 7.4, 7.5, 7.6). For the willow-650°C treatment, aboveground biomass N uptake 
was less than 50% of the N uptake in the control treatment. In some fertilized biochar 
treatments, N uptake was even lower compared to the unfertilized control treatment, 
resulting in a negative NUE. Only the radish dry matter yield in the DTU experiment was 
not significantly affected by biochar application. However, radish plant growth showed a 
high variation and there was no clear positive growth response to N addition even in the 
untreated controls. Therefore, a reduced N availability can probably not be expected to 
show any distinct effects.  
Deenik et al. (2010) observed reduced crop growth and N uptake when charcoal with a 
high content of volatile matter was applied, which was explained by the presence of readily 
available C sources stimulating microbial activity and N immobilization. Our results show 
that also a biochar low in volatile matter can decrease crop growth. In contrast to our 
results, an increased dry matter yield and N fertilizer use efficiency were observed with 
biochar application in several pot and field experiments (Chan et al. 2007; Vaccari et al. 
2011; Van Zwieten et al. 2010b, c). However, many of these experiments have been 
carried out at very low pH soils, as e.g. Van Zwieten et al. (2010b) observed an increased 
dry matter yield and N uptake efficiency in soil with pH-CaCl2 4.2, while in a higher pH 
soil (pH-CaCl2 7.7), the effects of biochar were inconsistent. This indicates that the 
positive response in the low pH soil could be partly explained by the liming value of 
biochar. Soil pH was also significantly increased in the ILVO pot trial (by 0.02 to 0.25 
units), but this was not translated into positive yield results, probably because the initial 
value of pH 5.5 was not limiting to plant growth and soil processes. Vaccari et al. (2011) 
hypothesized that the improvement of physical soil factors such as lower bulk density and 
higher soil temperatures contributed to positive yield responses after biochar application in 
the field. However, such factors are probably not crucial for plant growth in pots and the 
reduced N availability outweighed potential positive effects.  
In the ILVO trial, the higher soil NO3
-
 concentrations with biochar-650°C addition 
compared to the control in the radish experiment seem unexpected. One possible 
explanation could be again the higher pore volume of the high temperature biochars. Some 
N could have been trapped into the micropores, unavailable for plant roots but still KCl-
extractable. Biochar did not influence the DOC and TDN concentrations, nor at the start, 
nor at the end of the DTU experiment. This could be expected as both the labile biochar-C 
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fractions and mineral N contents were very low, and is in line with results from Bruun et 
al. (2012). 
 
7.5 Conclusion 
The results from our pot trials confirmed the expected reduced crop growth and NUE upon 
woody biochar application due to reduced soil NO3
-
 availability, as observed in an 
incubation test. This effect was biochar type dependent: the higher the pyrolysis 
temperature, the greater the reduction in NO3
- 
availability; adding willow biochar lowered 
NO3
-
 availability more than applying pine biochar. The reduced NO3
-
 availability was not 
caused by the labile C fraction of biochar nor electrostatic NH4
+
/NO3
- 
sorption to biochar. 
Hypotheses that deserve further investigation are non-electrostatic sorption of NH4
+
 or 
NO3
-
 and stimulation of NH3 volatilization. 
In conclusion, our research demonstrates that care has to be taken when applying biochar 
to the field in temperate regions, as it could reduce short-term crop yield as a result of N 
immobilization. Hence biochar addition might in some cases require increased fertilizer N 
application to avoid crop growth retardation or biochar may be applied after the growing 
season, to avoid negative effects of N immobilization on crop performance during the 
subsequent growing season. More research is needed to (i) further clarify the exact 
mechanism causing reduced N availability and (ii) to study the fate of the immobilized N. 
Furthermore, our results indicate that attention has to be paid when extrapolating results 
from one biochar-soil-crop combination. Our study also shows the need for combining 
process and agronomic experiments in order to get a better mechanistic insight into biochar 
soil-plant effects. The risk of biochar application with regard to its PAH content needs to 
be further addressed. 
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CHAPTER 8 
8 The impact of a woody biochar on soil properties 
and crop growth in a Belgian field experiment 
After: Nelissen, V., Ruysschaert, G., Manka’Abusi, D., D’Hose, T., De Beuf, K.,  Al-Barri, 
B., Cornelis, W. & Boeckx, P., in preparation. The impact of a woody biochar on soil 
properties and crop growth in a Belgian field trial. European Journal of Agronomy. 
 
Abstract 
Biochar is often proposed to increase soil quality and crop yield, while sequestering 
carbon. However, most biochar research has been mainly conducted in tropical regions. 
Despite the growing number of studies in temperate regions, the claimed positive effects 
are still unsure for northwestern European soils, which are often more fertile. Moreover, 
there is a need to upscale results from lab and pot studies in these soil types to field 
experiments. 
The objectives of this study were therefore to investigate the effect of biochar application 
to a temperate agricultural soil on soil chemical, physical and biological properties, and on 
crop growth and quality under field circumstances. A field trial, located in Merelbeke 
(Belgium), was established in October 2011 and monitored until August 2013. The biochar 
applied was produced from a mixture of hard- and softwood at 480°C. The biochar dose 
was 0 (control) or 20 t ha
-1 
(on dry weight basis). Over two years, biochar addition to soil 
did not affect soil chemical properties, except for organic carbon content and C:N ratios. 
Effects on bulk density, porosity and soil water retention curves were non-consistent over 
time, possibly due to interaction with tillage operations. Biochar increased soil water 
content in 2012, although mostly not significantly. However, in 2013, when soil water 
content was overall lower compared to during 2012, it was not affected by biochar 
addition. Soil temperature, as measured at a soil depth interval of 8-20 cm, was not 
changed by biochar addition. Furthermore, biochar addition to soil did only slightly 
influence soil microbiological community structure during the first year after biochar 
application, as only certain bacterial biomarker PLFAs were significantly affected by 
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biochar addition, but no fungal biomarker PLFAs. No effects of biochar on crop yield, N or 
P uptake were measured during the first two years after biochar application. 
In conclusion, addition of a woody biochar type to soil did not to affect soil quality to a 
large extent in the first two years after application. However, our study shows relatively 
short-term results, and longer term data are needed. 
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8.1 Introduction 
Biochar application to soils has gained interest as a climate change mitigation strategy, 
since it could act as a long-term carbon (C) sink (Lehmann et al. 2006). If in addition 
biochar could increase crop yields and improve soil quality, this would distinguish it from 
costly geo-engineering measures to mitigate climate change (Sohi, 2012). Moreover, as 
agriculture will have eventually to adapt to climate change, biochar could possibly be part 
of a long-term adaptation strategy. Biochar could affect soil physical properties like soil 
structure, porosity, particle density and water storage capacity (Atkinson et al., 2010), 
through which biochar-amended soil has the potential to retain more water during periods 
of drought. 
A meta-analysis by Jeffery et al. (2011) revealed an average increase in crop productivity 
of 10% with biochar application in tropical and subtropical regions. Only one study from a 
temperate region (New Zealand) was included in their meta-analysis, showing the need for 
more research in temperate zones. Three years later, biochar research is emerging 
throughout these regions, including lab, pot and field studies (e.g. Bruun et al. 2012; 
Kammann et al. 2011; Jones et al.  2012). This is also reflected in the meta-analysis of 
Biederman and Harpole (2013), which included several studies from temperate regions. 
Their study confirmed the overall positive effect of biochar application on aboveground 
plant production and yield, although the effect of biochar was more positive in tropical 
regions than in temperate zones. 
However, despite the growing number of biochar studies, there is still a need for field 
experiments to confirm results from lab and pot trials. For example, net nitrogen (N) 
immobilization after applying biochar to soil shown in many incubation studies (Bruun et 
al. 2011; Ippolito et al. 2012; Knowles et al. 2011; Nelissen et al. 2012; Novak et al. 2010), 
is so far not supported by  field experiments, as these often resulted in equal or higher crop 
yields (Jones et al. 2012; Lugato et al. 2013; Vaccari et al. 2011). Furthermore, in general 
little scientific literature has been published on biochar’s effect on soil biological and 
physical properties under field circumstances, and it is unsure whether biochar could 
increase soil water content since for example results from the field trials from Case et al. 
(2013) and Karhu et al. (2011) show no effect of biochar on gravimetric soil water content. 
Furthermore, lab and pot trials are usually short-term, but long-term data are needed to get 
better insight into biochar’s long-term effect under cropping conditions. 
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The objectives of this study were therefore to investigate the effect of biochar application 
to a temperate agricultural soil on soil chemical, physical and biological properties, and on 
crop growth and quality under field circumstances. Furthermore, the effect of biochar on 
soil microbial community structure was tested in six biochar field trials, established 
according to a common protocol, across the North Sea region, which are part of the 
Interreg IVB North Sea Region ‘Biochar: climate saving soils’ project (Figure 8.1). Our 
main hypotheses are that biochar addition to soil (i) reduces soil mineral N availability in 
the short term, (ii) improves soil physical quality through decreasing soil bulk density and 
increasing porosity, (iii) increases volumetric soil water content (VWC), especially during 
dry periods, (iv) changes soil microbial community structure, and (v) increases crop yield 
in the longer term.  
 
 
Figure 8.1 Overview of the field trial locations, established within the Interreg IVB North Sea 
region project ‘Biochar: climate saving soils’, in which PLFAs were analyzed (Source: Google 
Maps). 
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8.2 Materials and Methods 
8.2.1 Field trial 
The field trial was established the 20
th
 of October 2011 in Merelbeke, Belgium (50°58′N, 
3°46′E; 29 m above sea level). Prior to the start of the experiment, during the 2011 
growing season, the field had been cropped with maize. The different soil horizons were 
analyzed for soil texture and organic carbon (Table 8.1). The Ap horizon (0-35 cm) can be 
classified as sandy loam (USDA), and contains only 0.71% organic carbon. According to 
WRB, this soil can be classified as a Haplic Luvisol (Dondeyne S., pers. comm., 2012).  
Table 8.1 Organic carbon (OC) and texture analyses of the soil horizons in the field trial. 
Depth (cm) Horizon OC (%)  
Sand (%)  
(50 – 2000 µm) 
Silt (%)  
(2 – 50 µm) 
Clay (%) 
(< 2 µm) 
0-35 Ap 0.71 59.9 34.7 5.4 
35-50 E  0.11 57.0 35.3 7.8 
50-90 Bt1 0.11 44.3 43.6 12.1 
90-120 Bt2 0.06 56.0 29.7 14.2 
 
The biochar applied in the field trial was produced during slow pyrolysis at 480°C from 
hard- and softwood, including spruce, silver fir, Scots pine, beech and oak. Biochar C, H 
and N contents were 68.1%, 1.5% and 0.4%, respectively; C:N mass ratio and H:C atomic 
ratio were 164 and 0.257, respectively. Biochar pH-KCl was 8.6 and cation exchange 
capacity 46.3 cmolc kg
-1
. Volatile matter and ash content were 12.0% and 8.3%, 
respectively (Chapter 2). 
The treatments of the field trial were a biochar dose of 0 or 20 ton/ha (on oven-dry weight 
base) and there were four replicates (plot size = 7.5 x 12 m²) in a completely randomized 
design (Figure 8.2).  The plots were separated 3 m from each other in the tillage direction. 
The biochar dose of 20 ton/ha corresponds to 5.4 g kg
-1
 soil (= 3.7 g C kg
-1
 soil) when the 
incorporation depth is 0.25 m (see below) and the soil bulk density equals 1.47 g cm
-3 
(see 
Table 8.5). Each plot was subdivided into eight sub-plots, after which 26.95 kg of fresh 
biochar (which is the equivalent of 22.50 kg oven-dry biochar) was weighed, mixed with 
water in order to avoid dust losses (12 l per subplot), and applied by hand to each sub-plot. 
After application, the biochar was non-inversely incorporated using a rigid tine cultivator. 
One day after biochar application, the field was cultivated using a spading rotary cultivator 
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in order to incorporate the biochar in the profile until 25 cm depth (Figure 8.3). The field 
was left fallow during winter. In March 2012, the field was cultivated using a rigid tine 
cultivator. At the beginning of April, the field was ploughed and spring barley (Hordeum 
vulgare L. (cv. Quench)) was sown at 3 500 000 seeds ha
-1
. In May, the field was fertilized 
using calcium ammonium nitrate at a dose of 70 kg N ha
-1
. Harvest took place in August. 
In October, the field was cultivated using a rigid tine cultivator and a spading rotary 
cultivator, after which winter rye was sown (150 kg ha
-1
) as cover crop. At the beginning 
of April 2013, the field was cultivated using a rigid tine cultivator and ploughed. Spring 
barley was sown at 3 500 000 seeds ha
-1
. In May, the field was fertilized using the same 
fertilizer and dose as in 2012, and the field was harvested in August. In both 2012 and 
2013, weeds were controlled using Bofix (4 l ha
-1
) and grain beetles using Karate 2.5WG 
(200 ml ha
-1
) or KarateZeon (50 ml ha
-1
), in 2012 and 2013, respectively. 
From October 2011 until August 2013, several soil chemical, physical and biological soil 
properties were monitored. Also several crop properties were analyzed. A time schedule of 
all measured parameters is given in Table 8.2. 
 
Figure 8.2 Field trial lay-out.  
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Figure 8.3 After cultivating the field using a spading rotary cultivator, the biochar has been 
incorporated in the soil profile until a depth of 25 cm. Biochar spots are encircled. 
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Table 8.2 Overview of the field trial measurements 
 
TOC = total organic carbon, TN = total nitrogen, PAN = plant available nutrients (P, K, Mg, Ca, Na, Mn, Fe), SWRC = soil water retention curve, VWC = volumetric soil 
water contents measured with the water content reflectometer sensors, PLFA = phospholipid fatty acid, hL weight = grain hectolitre weight; 
a
Soil chemical and physical properties were measured before tillage operations and sowing; 
b
Soil chemical soil properties, soil water retention curves and bulk density were measured after harvest; 
*
NH4
+
 and NO3
-
 concentrations were determined before and one week after fertilizer application. 
 
 
 
10 11 12 1 2 3
a 4 5 6 7 8
b 9 10 11 12 1 2 3 4
a 5 6 7 8
b
pH, TOC, TN, PAN x x x x x
NH4
+
/NO3
-
x x x x x xx* x x x x x xx* x
Hydraulic conductivity x x
SWRC x x x x
Bulk density x x x x
Aggregate stability x x
Particle density x x
VWC x x x x x x x x
Soil temperature x x x x x x x x
PLFA x x
Earthworms x
Germinated seeds x
Dry matter yield x x
hL weight x x
N uptake x x
P uptake x x
2012 2013
Chemical
Physical
Biological
Crop
Measured variable
2011
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8.2.2 Weather data 
Daily average temperature and precipitation data were collected from the weather station 
located at the ILVO research institute, where the field trial is located.  
 
8.2.3 Soil chemical properties 
Ten soil subsamples were collected (i) from the upper 25 cm layer of each plot (auger 
diameter = 30 mm) to form one composite sample for analyses of soil pH, total organic 
carbon (TOC), total nitrogen (TN) and plant available nutrients (PAN), and (ii) at depth 
intervals of 0-30, 30-60 and 60-90 cm (auger diameter = 30 or 20 mm for 0-60 or 60-90 cm 
depth interval, respectively) to form one composite sample for analysis of mineral N 
concentrations (NH4
+
-N and NO3
-
-N).  
Soil pH was measured in a 1 M KCl solution (1:5 v:v) (ISO 10390). TOC content was 
measured on oven-dried (70°C) soil samples (ISO 10694) by dry combustion using a TOC-
analyzer (Primacs
SLC
, Skalar, the Netherlands). TN content was also determined by means 
of dry combustion (Dumas principle, ISO 13878; Flash 4000, Thermo Scientific, US). 
Plant available nutrients (P, K, Ca, Mg, Na, Mn, Fe) were determined by shaking 5 g of 
air-dried soil in 100 ml ammonium lactate for four hours (Egnèr et al., 1960), followed by 
a 1 h destruction with 3.0 ml HCl (37%) and 1.0 ml HNO3 (65%) in a microwave oven. 
The nutrients were measured using a CCD simultaneous ICP-OES (VISTA-PRO, Varian, 
Palo Alto, CA). Mineral N content was extracted (1:5 w:v) in a 1 M KCl solution (ISO 
14256-2) and measured using a continuous flow analyzer (FIAstar 5000, Foss, Denmark). 
Concentrations expressed as mg N kg
-1
 soil were converted into kg N ha
-1
 for all layers by 
using the soil bulk density measured as described in section 8.2.4. This bulk density was 
used for all three layers (0-30, 30-60, 60-90 cm). 
 
8.2.4 Soil physical properties 
Soil bulk density and water retention curves (SWRC) were determined on undisturbed soil 
samples taken from each plot (2 replicates per plot) using Kopecky rings (h = 5.1 cm, r = 
2.5 cm). The sampling depth was 10-15 cm in October 2011 (after biochar application) and 
April 2013 (before tillage operations and sowing) and 5-10 cm in March 2012 (before 
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tillage operations and sowing) and August 2012 (after harvest). Soil depths differed based 
on visual observations in the field of the biochar distribution in the top soil.  
In October 2011, March 2012 and August 2012, SWRCs were constructed at Ghent 
University
 
(Department of Soil Management) by measuring soil water content at nine soil 
matric heads (-10 cm, -30 cm, -50 cm, -70 cm, -100 cm, -340 cm, -1020 cm and -15300 
cm) following the procedure described by Cornelis et al. (2005). A sand box apparatus 
(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) was used for the matric 
heads ranging from -10 to -100 cm, while a pressure plate (Soilmoisture Equipment, Santa 
Barbara, California, US) was used for -340 to -15300 cm. Once equilibrium at -100 cm 
was reached, sample mass and soil height inside the ring were measured and four 
subsamples were taken from the Kopecky-ring. One subsample (20 – 30 g) was oven dried 
at 105°C for 24 hours, after which bulk density as well as water content on a volumetric 
basis at the pressures between -10 and -100 cm could be calculated. The other three 
subsamples were used to determine water content at the pressure heads -340 cm, -1020 cm 
and -15300 cm, using a pressure plate (Soilmoisture Equipment, Santa Barbara, California, 
US), following the procedure described by Cornelis et al. (2005). In April 2013, soil 
volumetric water content was determined at Wageningen UR (Alterra) at ten matric heads 
(-5 cm, -10 cm, -30 cm, -50 cm, -70 cm, -100 cm, -200 cm, -700 cm, -3000 cm, -15800 
cm) using a sand box apparatus (for matric heads ranging from -5 cm to -100 cm; 
apparatus constructed at Alterra-Wageningen UR), a suction plate (-200 cm and -700 cm; 
ecoTech, Bonn, Germany) and a pressure plate (-3000 cm and -15800 cm; Soilmoisture 
Equipment, Santa Barbara, California, US). Porosity (Φ) was calculated as:   
     
      
  
  
 
(1) 
where ρb is the bulk density in g cm
-3
 and ρs is the particle density in g cm
-3
,
 
which was 
determined with the pycnometer method (Blake and Hartge, 1986). 
The water retention data were fitted using the function of van Genuchten (1980) using 
RETC (RETention Curve) software version 6.0 (van Genuchten et al., 1991): 
 
         
      
          
 
(2) 
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where θ is the volumetric water content (cm3 cm-3) as function of the soil matric head h 
(cm) (taken as a positive value); θr and θs are the residual and saturated soil water contents 
(cm
3
 cm
-3
), respectively, obtained by fitting the van Genuchten function to the measured 
retention data. Also α, n and m (= 1 – 1/n) are parameters obtained by fitting the van 
Genuchten function to the measured retention data, where α, related to the inverse of the 
air entry pressure, is expressed in cm
-1
; n and m, measures of the pore-size distribution, are 
dimensionless (Van Genuchten and Nielsen, 1985).  
Soil physical quality parameters were derived from the SWRC experiment. The soil quality 
indicators matrix porosity (MatPor), macroporosity (MacPor), air capacity (AC), plant 
available water capacity (PAWC) and relative water capacity (RWC) were calculated as 
follows (Reynolds et al., 2007):  
            (3) 
                   (4) 
             (5) 
                 (6) 
 
     
   
  
    
  
  
 
(7) 
where θm (cm
3
 cm
-3
) is the soil matrix porosity, which can be defined as the saturated 
volumetric water content of the soil matrix exclusive of macropores, as derived from the 
van Genuchten equation. In this study, θm was determined at a matric head of -50 cm, 
which corresponds to matrix pore diameters of ≤ 60 µm. Macroporosity (MacPor) thus 
comprises pore diameters of > 60 µm. θFC and θPWP are the volumetric water contents at 
field capacity (h = -340 cm) and at permanent wilting point (h = -15300), respectively, as 
derived from the van Genuchten equation. Soil AC is an indicator of soil aeration, PAWC 
indicates the capacity of the soil to store and provide available water to plant roots, and 
RWC expresses the capacity of the soil to store water and air relatively to its total pore 
volume, as represented by θs (Reynolds et al., 2007). 
Moreover, the S-index of Dexter (2004), a measure of soil microstructure used as a 
physical soil quality parameter, was calculated using the following equation: 
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            (
    
   
)
 
 
    
 
(8) 
where θr, θs and n are as expressed previously in the van Genuchten equation. A more 
negative S-value indicates a better physical soil quality. 
In October 2011 (one week after biochar application) and March 2012 (before tillage 
operations and sowing), soil samples (two per plot) were taken carefully using a trowel 
from the 0–20 cm layer in order to determine aggregate stability. Aggregate stability was 
determined on air-dried soil samples using the ‘dry and wet sieving’ method of De 
Leenheer and De Boodt (1959), adjusted by Hofman (1973) as described by Leroy et al. 
(2008). The instability index was calculated as the difference between the mean weight 
diameter (MWD) of the dry sieving minus the MWD of the wet sieving. The inverse of the 
instability index, i.e. the stability index (SI), was taken as a measure of the stability of the 
aggregates (De Leenheer and De Boodt, 1959; De Boodt and De Leenheer, 1967). 
In October 2011 (one week after biochar application) and March 2012 (before tillage 
operations and sowing), infiltration rates were measured in the field at four pressure heads 
(-120, -60, -30 and -10 mm) using a tension-infiltrometer with Guelph-reservoir 
(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) (two measurements per 
plot), after which saturated hydraulic conductivity K(0) (cm s
-1) and fitting parameter α 
(cm
-1
) were estimated through non-linear regression of q as a function of h, using 
SigmaPlot: 
        
 
   
         
where q(h) (cm s
-1
) is the steady-state infiltration rate at pressure head h as applied in the 
field and R is the tension-infiltrometer disc radius (cm). Hydraulic conductivity at pressure 
h can then be calculated as follows (Wooding, 1968; Logsdon and Jaynes, 1993; Verbist, 
2012): 
             
Water content reflectometer sensors (two rods: length 120 mm, diameter 3.2 mm, spacing 
32 mm; CS655, Campbell Scientific, USA) were installed vertically in the field (two per 
plot) at the 8-20 cm depth in order to monitor dielectric permittivity and soil temperature 
hourly. Soil water content and soil temperature were measured from 1/07/2012 until 
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10/10/2012 and from 24/05/2013 until 6/08/2013. The sensors were temporarily removed 
from the 12
th
 until the 23
rd
 of August for the 2012 harvest, and from the 1
st
 to the 3
rd
 of 
July 2013, for insecticide application. In October 2012, the sensors were removed for 
calibration. In 2013, they were installed in the field after fertilizer application (May 2013). 
The sensors were calibrated in the lab in order to find the optimal field-specific relation 
between recorded permittivity and corresponding soil volumetric water content. For this 
calibration, five PVC-tubes (two for the control and three for the biochar treatment; d = 
8.64 cm, h = 13 cm) were filled with air-dry soil (with known water content) sampled from 
the field trial (until a depth of 25 cm). While filling the tubes, field bulk density was 
respected. The soil was subsequently saturated by capillary rising, after which each tube 
was placed on a balance, and the weight was recorded. Each balance was connected to a 
datalogger, which recorded the balance readings whenever the weight changed 0.1% of the 
total weight of the column (through water evaporation). Water content reflectometer 
sensors, connected to a datalogger for measuring permittivity on minute basis, were put 
vertically into the soil, and the tubes were left evaporating until the balance readings 
stabilized over time. In this way, a calibration curve could be developed for each tube of 
the control and the biochar treatment. These calibration curves were then averaged for each 
treatment separately. 
Calibrated sensor readings were validated in the field by taking two composite samples 
(four soil subsamples per composite sample; auger diameter = 20 mm) close to each sensor 
(max. 50 cm from the sensor) at 8-20 cm depth three times during the 2013 growing 
season. Soil water content was determined gravimetrically by oven-drying during 24 hours 
at 105°C, after which volumetric water content (VWC) was calculated using soil bulk 
density as determined using Kopecky-rings at the 12-17 cm soil layer in the same period of 
sampling for validation (June-July 2013).  
In order to assess the goodness of fit of the calibration curves, the Nash–Sutcliffe model 
efficiency coefficient (Nash and Sutcliffe, 1970) was calculated for each treatment (control 
and biochar), according to the following equation:  
     
∑      ̂       
∑              
 
in which Yi and  ̂  are the observed and modeled values on day i,  and   is the mean of the 
observed values. Nash–Sutcliffe efficiencies can range from −∞ to 1, with E = 1 being the 
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optimal value. An efficiency of E = 0 indicates that the model predictions are as accurate 
as the mean of the observed data, whereas an efficiency less than zero (E < 0) occurs when 
the observed mean is a better predictor than the model (Moriasi et al. 2007). Furthermore, 
the correlation coefficient between the measured VWC and the permittivity derived VWC 
was calculated for the control and biochar treatment. 
 
8.2.5 Soil biological properties 
Soil sampling for PLFA analysis occurred during the 2012 growing season in six biochar 
field trials across the North Sea region. In these field trials, the same biochar type was 
applied at the same biochar dose (20 t ha
-1
 on dry weight basis, except for Germany, where 
20 t ha
-1
 was applied on fresh weight basis) as described above. Table 8.3 gives more 
information about these field trials and the PLFA sampling dates. For PLFA analysis 10 
subsamples (0-25 cm) for one composite sample per plot were taken (auger diameter = 20-
30 mm) and immediately frozen at -20°C. The PLFA analysis procedure has been 
described in Chapter 4. For all countries, the number of replicates was four, except for the 
Netherlands, where it was three. The crop grown was spring barley in all countries, except 
for Germany, where it was winter wheat. 
Earthworm sampling (two samples per plot) took place during cereal flowering in June 
2012 using mustard powder, based on Leroy et al. (2007). The day before sampling, 20 ml 
of water was added to 6 g of mustard powder, and the mixture was stirred overnight. 
Immediately prior to sampling, water was added to this paste until a volume of 0.8 L was 
reached and mixed thoroughly. A metal frame of 20 x 20 cm² was placed on the soil and all 
surface plant litter within the frame was removed. The mustard solution was then poured 
evenly across the frame. During the following 15 minutes, the emerging earthworms were 
collected. After 15 minutes, the soil in the quadrant (20 x 20 cm²) was excavated to a depth 
of 20 cm. The excavated soil was spread on a white plastic sheet and hand sorted to 
recover remaining earthworms. The worms were washed gently with water to remove all 
soil particles, air-dried and the number and mass of the worms per sample were 
determined.  
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Table 8.3 Overview of European field trials, established within the Interreg IVB North Sea region project ‘Biochar: climate saving soils’, in which PLFAs 
were analyzed
a
. 
a 
Personal communication (Denmark: H. Hauggaard-Nielsen, Germany: J.-M. Rödger, the Netherlands: R. Postma, Norway: A. O’Toole, UK: J. Hammond)  
b
Based on USDA soil texture triangle
 
*Field was ploughed and biochar was mainly in the 20-25 cm layer in rich veins. 
$ Estimate 
NDA = No data available 
Incorporation 
depth
Clay       
(< 2 µm)
Silt            
(2-50 µm)
Sand              
(50-2000 µm)
Organic 
carbon
(cm) % % % %
Belgium Merelbeke 10/2011 0-25 Sandy loam 5 35 60 0.9 11.4 6.4 28/06/2012
Denmark Roskilde 3/2012 0-10 Sandy loam 11 22 66 1.2 7.7 7.1 2/07/2012
Germany Lathen 10/2011 0-25 NDA 3.4 18.3 5 18/06/2012
Netherlands Valthermond 11/2011 0-25 Sand 3 7 90 9.8 24.7 5 20/06/2012
Norway Ås 5/2012 0-15 NDA 2.7 10.3 4.9 30/07/2012
UK Boghall 11/2011 0-25* Loam$ 20$ 40$ 40$ 5.3 15.2 4.9 7/08/2012
PLFA 
sampling 
date
Country
Field trial 
location
Application  date 
(MM/YYYY)
Soil texture
b C:N pH-KCl
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8.2.6 Crop analyses 
In 2012, two weeks after sowing, germinated seeds were counted in two subplots of 1 m² 
in each plot. In both 2012 and 2013, fresh straw and grain yield was determined in August 
after harvesting an area of 10 x 1.5 m² in 2012 and 10 x 0.8-1.5 m² in 2013 using a 
combine harvester. Dry matter straw and grain yield were determined by oven drying 
subsamples (± 200 g and ± 600 g for straw and grain per plot, respectively) at 70°C for 48 
h, and hectolitre (hL) weight of the grains was determined (Aqua-TRII, Tripette & Renaud, 
France). Crop N concentration was determined according to ISO 16634-1 (Dumas 
method). Crop P concentration was determined using ICP-OES (CMA/2/I/B.1) after 
destructing plant material in a microwave oven using HNO3 and H2O2. 
 
8.2.7 Statistical analyses 
Independent t-tests were used to test whether the biochar treatment was different from the 
control regarding soil chemical, physical and biological properties, except for mineral N 
and PLFA data. NH4
+
 and NO3
-
 data, and the sum of both, were analyzed using two-way 
analysis of variance (ANOVA), with treatment (control or biochar) and soil depth (0-30, 
30-60 and 60-90 cm) as factors. Relative PLFA concentrations were analyzed using 
redundancy analysis (RDA, Chord distance) and permutational multivariate analysis of 
variance (PERMANOVA), with field trial location and treatment (control or biochar) as 
factors. In the RDA analysis, soil pH, plant available nutrients, TC and TN data (soil 
sampling occurred after harvest; soil sampling and analysis methods are described 
previously) are included as explanatory variables. Moreover, independent t-tests were used 
to test whether the relative abundance of a given PLFA in the biochar treatment was 
significantly different from the control for each field trial location individually. The sum of 
the absolute PLFA concentrations were analyzed using a two-way ANOVA with field trial 
location and treatment (control or biochar) as factors. 
The point-wise VWC measurements (as calculated from the permittivity results) can be 
treated as observations from separate underlying functions representing the true volumetric 
soil water content for each sensor over time. These functions were first estimated using 
penalized regression splines (Heckman and Ramsay, 2000), using a small smoothing 
parameter of λ = 0.002 to maintain the interesting distinctive features in the observed data. 
 Effects of biochar on soil and crop response 
155 
 
Next, individual point-wise bootstrap-based Student t-tests were performed at a 5% level 
of significance using the fitted values of these functions at each time point. 
 
8.3 Results 
8.3.1 Weather data 
The ILVO station (Merelbeke/Lemberge) has a mean annual temperature of 10.7°C and a 
mean annual rainfall of 879 mm (1992-2012). The 2012 growing season (April-August) 
was rather wet (Figure 8.4), especially in July. The first half of the 2013 growing season 
(April-May) was cold, while the second half (June-August) was warm and dry (Figure 8.4), 
except for some heavy rainfall events (Figure 8.11). 
 
Figure 8.4 Long-term (1992-2012) average monthly precipitation (mm) and daily temperature (°C) 
in Merelbeke, Belgium, and monthly precipitation (mm) and average daily temperature (°C) data 
from October 2011 until August 2013 in Merelbeke, Belgium. 
 
8.3.2 Chemical soil properties 
The soil pH-KCl is 6.4, while TOC and TN (at soil depth of 0 – 25 cm) are 0.9% and 
0.07%, respectively (Table 8.4). Over two years, biochar addition to soil did not have a 
significant impact on soil chemical properties (P > 0.05), except for organic carbon 
content, which was, as expected, higher in the biochar treatment compared to the control (P 
≤ 0.003). Also C:N ratios were significantly higher in the biochar treatments compared to 
the control (P ≤ 0.01), except for April 2013 (P = 0.07). The C:N ratio in August 2013 was 
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not changed compared to October 2011 in the biochar treatment (14.5 compared to 14.4; P-
value independent t-test = 0.94).  
The theoretical amount of soil organic carbon (SOC) present in the biochar treatment for 
each sampling date can be calculated as the sum of the SOC in the control treatment plus 
the amount of C added to the soil through applying a biochar dose of 5.4 g kg
-1
 (carbon 
content = 68.1%). The amount of C added equals 3.7 g biochar-C kg
-1
 soil (= 0.37%) for  
the incorporation depth of 25 cm and a soil bulk density (as measured in October 2011) of 
1.47 g cm
-3
. When comparing the measured and theoretical values of SOC in the biochar 
treatments, it is observed that the measured values are generally lower than those 
calculated theoretically, although only significantly in April 2013 (P < 0.05) (Figure 8.5).  
Neither NH4
+
 nor NO3
-
 concentrations were significantly influenced by biochar addition at 
any of the depths nor sampling dates (P > 0.05), except for NO3
-
- concentrations at the 14
th
 
of December at a depth interval of 60-90 cm, which were significantly lower (P < 0.01) in 
the biochar compared to the control treatment (Figure 8.6). In both 2012 and 2013, soil 
NH4
+
 nor NO3
-
 concentrations had been determined just before and one week after 
fertilizer application; biochar did not affect these concentrations. Consequently, biochar 
did not affect soil mineral N directly in the upper layer (0-30 cm), and did not affect N 
leaching losses 
 
 
Figure 8.5 Measured and theoretical soil organic carbon contents (mean ± standard error; n = 4) in 
the biochar treatment at the different sampling dates. The theoretical SOC content is calculated as 
the sum of SOC in the control treatment plus the added biochar-C (3.7g biochar-C kg
-1
 soil) . 
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Table 8.4 Soil chemical properties in the control and biochar treatments as measured over time at a soil depth of 0-25 cm(mean ± standard error; n = 4). 
 
OC = Organic carbon; TN= Total nitrogen; NDA = No data available 
Data in bold indicate significant mean differences between the control and biochar treatments (P < 0.05). 
 
 
 
pH-KCl OC TN C:N Mg Ca Mn Na P Fe K
- % % mg kg 
-1
mg kg 
-1
mg kg 
-1
mg kg 
-1
mg kg 
-1
mg kg 
-1
mg kg 
-1
Control 6.38 ± 0.15 0.85 ± 0.03 0.074 ± 0.001 11.4 ± 0.2 185 ± 22 1006 ± 100 110 ± 10 25 ± 6 231 ± 17 463 ± 71 179 ± 5
Biochar 6.41 ± 0.15 1.11 ± 0.04 0.077 ± 0.002 14.4 ± 0.8 149 ± 11 1002 ± 105 124 ± 3 19 ± 0 233 ± 7 450 ± 23 194 ± 5
Control 6.32 ± 0.12 0.86 ± 0.02 0.079 ± 0.002 10.9 ± 0.2 149 ± 14 956 ± 44 115 ± 9 19 ± 0 239 ± 19 461 ± 73 187 ± 9
Biochar 6.39 ± 0.11 1.10 ± 0.05 0.080 ± 0.003 13.9 ± 0.7 139 ± 11 941 ± 85 127 ± 6 21 ± 2 237 ± 7 437 ± 37 214 ± 16
Control 6.39 ± 0.17 0.83 ± 0.02 0.077 ± 0.002 10.8 ± 0.2 193 ± 29 1025 ± 115 111 ± 12 9 ± 1 223 ± 14 421 ± 63 148 ± 8
Biochar 6.39 ± 0.11 1.15 ± 0.03 0.080 ± 0.001 14.5 ± 0.4 145 ± 10 953 ± 78 118 ± 7 10 ± 1 228 ± 5 430 ± 32 165 ± 1
Control 6.22 ± 0.03 0.92 ± 0.04 0.080 ± 0.002 11.5 ± 0.4 171 ± 18 959 ± 56 143 ± 6 19 ± 0 269 ± 12 551 ± 51 163 ± 4
Biochar 6.15 ± 0.07 1.06 ± 0.07 0.079 ± 0.002 13.4 ± 0.7 143 ± 7 913 ± 69 144 ± 7 19 ± 0 247 ± 8 492 ± 33 171 ± 7
Control 6.50 ± 0.09 0.88 ± 0.03 0.077 ± 0.002 11.4 ± 0.2
Biochar 6.36 ± 0.09 1.17 ± 0.07 0.081 ± 0.002 14.5 ± 0.8
21/10/2011
20/03/2012
23/08/2012
NDA NDA
After biochar application
Before sowing
After harvest
Before sowing
After harvest NDA
2/04/2013
14/08/2013 NDA NDA NDA NDA
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 (a) 
 
(b) 
 
(c) 
 
 
Figure 8.6 Mineral N (NH4
+
 and NO3
-
) concentrations in the control soil and biochar-amended 
treatment at a soil depth of (a) 0-30 cm, (b) 30-60 cm and (c) 60-90 cm; error bars indicate ± 1 
standard error (n = 4). On the x-axis of Figure a, biochar application and incorporation (B),  spring 
barley sowing (S), fertilizer application (F) and harvest (H) are indicated. 
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8.3.3 Soil physical properties 
Neither bulk density, nor particle density or porosity were significantly affected (P > 0.2) 
by biochar addition in October 2011 and April 2013. However, there was a tendency for a 
higher porosity (P ≤ 0.06) and lower bulk density (P ≤ 0.06) in March and August 2012 
(Table 8.5).  
Figure 8.7 shows the modeled and observed soil water retention curves for the control and 
biochar amended treatments in October 2011 (after biochar application), March 2012 (at 
the start of the growing season before tillage operations and sowing), August 2012 (after 
harvest) and April 2013 (at the start of the growing season before tillage operations and 
sowing). In October 2011, VWC was significantly higher (P < 0.05) in the biochar 
compared to the control treatment at high soil matric heads ranging from h = -10 cm to h = 
-100 cm. θs and MatPor were significantly higher too (P = 0.02 and P = 0.01, respectively) 
in the biochar treatment. The other parameters (α, n, m, θFC, θPWP, θr, S-index, MacPor, 
AC, PAWC and RWC) were not significantly affected. In March and August 2012, none of 
the previously mentioned parameters was changed by biochar application. In April 2013, 
VWC was significantly increased (P < 0.05) in the biochar treatment at soil matric heads 
between h = -50 cm to h = -3000 cm. Furthermore, α, n, θFC, AC, PAWC and RWC were 
significantly increased (P < 0.05) (Table 8.5). 
The stability index, which is a measure for aggregate stability, was significantly higher (P 
= 0.02) in the biochar treatment compared to the control in March 2012, while this was not 
the case in October 2011 (Table 8.5). Hydraulic conductivity was not significantly (P > 
0.06) affected by biochar addition (as determined by t-tests which were performed for each 
pressure head), although in October 2011 the mean hydraulic conductivity values tended to 
be higher in the biochar compared to the control treatment (P = 0.07-0.15) (Figure 8.8). 
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Table 8.5 Bulk density, particle density, porosity, van Genuchten parameters of the modeled soil water retention curve, derived soil quality indicators and 
stability index in the control and biochar treatments measured over two years (2011-2013) (mean ± standard error; n = 8). 
 
NDA = No data available. Porosity in August 2012 and April 2013 was calculated using a particle density of 2.65 g cm
-3
. 
α, n and m are parameters obtained by fitting the van Genuchten equation to the measured retention data; θs = saturated volumetric water content; θFC = volumetric water 
content at field capacity; θPWP = volumetric water content at permanent wilting point;  θr = residual volumetric  water content; MatPor = matrix porosity; MacPor = 
macroporosity; AC = air capacity; PAWC = plant available water capacity; RWC = relative water capacity. 
Data in bold indicate significant mean differences between the control and biochar treatments (P < 0.05). 
Parameter
Bulk density (g cm
-3
) 1.47 ± 0.02 1.44 ± 0.02 1.50 ± 0.02 1.42 ± 0.03 1.46 ± 0.02 1.40 ± 0.01 1.45 ± 0.03 1.49 ± 0.02
Particle density (g cm
-3
) 2.56 ± 0.01 2.55 ± 0.00 2.59 ± 0.01 2.59 ± 0.01 NDA NDA NDA NDA
Porosity (cm
3
 cm
-3
) 0.43 ± 0.01 0.44 ± 0.01 0.42 ± 0.01 0.45 ± 0.01 0.45 ± 0.01 0.47 ± 0.00 0.45 0.01 0.44 0.01
α (x 10-2) (cm-1) 0.96 ± 0.07 0.97 ± 0.06 0.74 ± 0.01 0.73 ± 0.04 0.85 ± 0.05 0.83 ± 0.03 1.44 ± 0.2 0.72 ± 0.05
n (-) 1.77 ± 0.06 1.77 ± 0.07 2.39 ± 0.12 2.55 ± 0.20 1.90 ± 0.04 1.90 ± 0.03 1.36 ± 0.01 1.41 ± 0.01
m (-) 0.43 ± 0.02 0.43 ± 0.02 0.58 ± 0.02 0.59 ± 0.04 0.47 ± 0.01 0.47 ± 0.01 0.39 ± 0.03 0.41 ± 0.03
θs  (cm
3
 cm
-3
) 0.39 ± 0.00 0.41 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 0.39 ± 0.00 0.40 ± 0.01 0.39 ± 0.01 0.39 ± 0.00
θFC (cm
3
 cm
-3
) 0.19 ± 0.01 0.20 ± 0.01 0.17 ± 0.00 0.17 ± 0.01 0.18 ± 0.00 0.19 ± 0.00 0.22 ± 0.01 0.25 ± 0.01
θPWP (cm
3
 cm
-3
) 0.07 ± 0.00 0.07 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.07 ± 0.00 0.06 ± 0.00 0.06 ± 0.00 0.06 ± 0.00
θr  (cm
3
 cm
-3
) 0.06 ± 0.00 0.06 ± 0.00 0.09 ± 0.01 0.08 ± 0.01 0.06 ± 0.00 0.06 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
MatPor (cm
3
 cm
-3
) 0.35 ± 0.00 0.38 ± 0.01 0.36 ± 0.01 0.36 ± 0.01 0.36 ± 0.00 0.37 ± 0.01 0.35 ± 0.01 0.37 ± 0.00
MacPor (cm
3
 cm
-3
) 0.03 ± 0.00 0.03 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.05 ± 0.01 0.02 ± 0.00
AC (cm
3
 cm
-3
) 0.20 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.21 ± 0.00 0.21 ± 0.00 0.21 ± 0.00 0.17 ± 0.01 0.14 ± 0.00
PAWC (cm
3
 cm
-3
) 0.12 ± 0.00 0.13 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.12 ± 0.00 0.12 ± 0.00 0.16 ± 0.01 0.20 ± 0.01
RWC (cm
3
 cm
-3
) 0.49 ± 0.02 0.49 ± 0.02 0.44 ± 0.01 0.44 ± 0.02 0.47 ± 0.01 0.47 ± 0.01 0.56 ± 0.02 0.65 ± 0.01
S-index -0.10 ± 0.00 -0.11 ± 0.01 -0.14 ± 0.01 -0.15 ± 0.01 -0.12 ± 0.00 -0.12 ± 0.00 -0.07 ± 0.00 -0.08 ± 0.00
Stability index (mm
-1
) 0.81 ± 0.16 0.76 ± 0.12 0.50 ± 0.04 0.63 ± 0.06 NDA NDA NDA NDA
April 2013
Control Biochar
October 2011 March 2012 August 2012
Control Biochar Control Biochar Control Biochar
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     (d) 
 
Figure 8.7 Observed volumetric water contents (symbols) at several pressure heads and modeled 
(lines) soil water retention curves for the control and biochar-amended treatments in (a) October 
2011, (b) March 2012, (c) August 2012 and (d) April 2013. Soil matric heads at which field 
capacity (FC) and wilting point (WP) were measured are indicated on the x-axis; error bars indicate 
± 1 standard error (n = 8). 
(a) 
 
(b) 
 
Figure 8.8 Hydraulic conductivity in the control and biochar-amended treatments as measured in 
(a) October 2011 and (b) March 2012; error bars indicate ± 1 standard error (n = 8). 
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The calibration curves developed for the water content reflectometer measurements (Figure 
8.9a) are: 
VWC(%) = 0.0112*P
3
 – 0.3927*P2 + 6.0264*P – 10.511 (control treatment) 
VWC(%) = 0.0086*P
3
 – 0.3106*P2 + 5.3105*P – 9.7427 (biochar treatment) 
in which P is the dielectric permittivity as measured by the sensors. In Figure 8.9a, the 
Topp equation (Topp et al., 1980) is also added for comparison. Correlation coefficients 
between the measured VWC and the permittivity derived VWC were 0.84 and 0.89 for the 
control and biochar treatments, respectively, while the model efficiency coefficient E 
ranged between 0.82 and 0.88 (Figure 8.9b). Figures 8.10a and 8.11a show the hourly soil 
VWC results for 2012 and 2013, respectively. Whenever a permittivity value measured by 
a sensor in the field exceeded the highest permittivity value in the calibration curve (Figure 
8.9a), this value was omitted from the dataset. In 2012, VWC was generally higher in the 
biochar than in the control treatment, but only significantly (P < 0.05) at certain moments, 
more specifically between the 15
th
 and 18
th
 of July 2012, and the 23
rd
 of August and 10
th
 of 
September (Figure 8.10b). However, no pattern can be observed between these moments 
(e.g. after a heavy rainfall event, during a dry period etc.). In 2013, differences between the 
control and biochar treatment were smaller and not significant (P > 0.05, Figure 8.11b). It 
should be noted that variation in measured permittivity was generally high between the 
sensors in both control and biochar treatment, which was likely due to a high variability in 
the field. Furthermore, standard errors were larger for the biochar than for the control 
treatment, especially in 2012.  
Figures 8.12a and 8.13a demonstrate the soil temperature results for 2012 and 2013, 
respectively. Differences in soil temperature between the biochar and control treatments 
were small, as the differences were larger than 0.2°C in only 9.6% and 8.4% of the 
observations, in 2012 and 2013, respectively (Figure 8.12b and 8.13b). These differences 
were generally maximal during in the afternoon, when soil temperature was the highest, 
but not consistently positive or negative and not significant (P > 0.05; Figure 8.12c and 
8.13c).  
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(a) 
 
 (b) 
 
Figure 8.9 Water content reflectometer sensors were calibrated in the lab in order to find the 
optimal field-specific relation between recorded permittivity and corresponding soil volumetric 
water content (VWC). (a) Topp equation and developed calibration curves for the control and 
biochar treatment (error bars indicate ± 1 standard error, n = 2 for the control and 3 for the biochar 
treatment); (b) Correlation between permittivity derived and measured VWC (error bars indicate ± 
1 standard error, n = 8). The 1:1 line, correlation coefficients (R²) and model efficiency coefficients 
(E) are indicated. 
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(a) 
 
(b) 
 
Figure 8.10 (a) Soil volumetric water content in the control and biochar-amended treatments as 
measured by reflectometer sensors in the field in 2012; error bars (in light-grey) indicate standard 
errors (n = 8). The y-axis at the right indicates hourly rainfall (mm h
-1
). (b) P-values resulting from 
the t-tests conducted to verify significant differences in VWC between the control and biochar 
treatment for 2012. The grey line indicates a P-value of 0.05. 
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(a) 
 
(b) 
 
Figure 8.11 (a) Soil volumetric water content in the control and biochar-amended treatments as 
measured by reflectometer sensors in the field in 2013; error bars (in light-grey) indicate standard 
errors (n = 8). The y-axis at the right indicates hourly rainfall (mm h
-1
). (b) P-values resulting from 
the t-tests conducted to verify significant differences in VWC between the control and biochar 
treatment for 2013. The grey line indicates a P-value of 0.05. 
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 (a) 
(b) 
 
(c) 
 
Figure 8.12 (a) Hourly soil temperature in the control and biochar-amended treatments as 
measured by reflectometer sensors in the field in 2012 (error bars in light-grey indicate standard 
errors; n = 8); (b) Difference in soil temperature between the biochar and control treatment in 2012; 
(c) P-values resulting from the t-tests conducted to verify significant differences in soil temperature 
between the control and biochar treatment for 2012. The grey line indicates a P-value of 0.05.  
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 (a) 
 
(b) 
(c) 
 
Figure 8.13 (a) Hourly soil temperature in the control and biochar-amended treatments as 
measured by reflectometer sensors in the field in 2013 (error bars in light-grey indicate standard 
errors; n = 8); (b) Difference in soil temperature between the biochar and control treatment in 2013; 
(c) P-values resulting from the t-tests conducted to verify significant differences in soil temperature 
between the control and biochar treatment for 2012. The grey line indicates a P-value of 0.05.  
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8.3.4 Biological soil properties 
No significant difference was found between the control and biochar treatments regarding 
number of earthworms (P = 0.50) and earthworm biomass (P = 0.56) per square meter 
(Table 8.6).  
Table 8.6 Number of earthworms and earthworm biomass in the control and biochar treatment 
(mean ± standard error; n = 8). 
 
As the PERMANOVA analysis for the relative PLFA data (expressed as mol % PLFA-C) 
showed a significant interaction between field trial location and treatment (P = 0.04), the 
analysis was repeated for each field trial location separately. These analyses show that only 
for Scotland (Great Britain) the soil microbial community structure was significantly 
different between the control and biochar treatments (P = 0.03). However, the t-tests show 
that some individual PLFAs were significantly different in the biochar compared to the 
control soil in four countries, but no trends could be observed, except for fungal PLFAs, 
which were nowhere significantly affected by biochar addition (Table 8.7). In the 
Netherlands, four out of five of the gram-negative bacterial biomarkers were significantly 
affected (positive or negative) by biochar. The RDA triplot indicates that the variation in 
soil microbial community structure between field trial locations can be partly explained by 
the soil chemical parameters measured (Figure 8.14). For example, soil carbon content in 
the Netherlands was high, while soil pH was so in Denmark, which can be correlated to 
differences in soil microbial community structure between these countries. Furthermore, 
the triplot indicates that soil microbial community structure was rather similar in Scotland, 
Norway, and Denmark, as these countries are located together. In contrast, variation was 
larger between Belgium, Germany and the Netherlands. The sum of the absolute PLFA 
concentrations (expressed as mol PLFA-C g
-1
 soil), which is indicative for the amount of 
microbial biomass, was not significantly affected by biochar in none of the countries (data 
not shown). 
 
Control 103.1 ± 34.2 4.5 ± 1.7
Biochar 78.1 ± 12 3.3 ± 0.8
Number of 
earthworms m
-2
Earthworm 
biomass (g m
-2
)
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Table 8.7 Mean relative abundance (mol % PLFA-C) of individual PLFAs in the control and biochar treatment (± standard error; n = 4, except for the 
Netherlands, where n = 3). 
 
Data in bold indicate significant mean differences between the control and biochar treatments per field trial location (*: P<0.05; **: P<0.01; ***:P<0.001). 
AM Fungi = Arbuscular mycorrhizal fungi 
 
Community PLFA
Gram-positive bacteria i-C14:0 1.22 ± 0.01 1.15 ± 0.02 * 1.55 ± 0.04 1.60 ± 0.04 0.94 ± 0.05 0.93 ± 0.05 0.76 ± 0.06 0.86 ± 0.03 1.04 ± 0.12 1.06 ± 0.05 1.11 ± 0.08 1.15 ± 0.08
i-C15:0 10.33 ± 0.07 10.19 ± 0.08 8.90 ± 0.17 9.01 ± 0.17 11.33 ± 0.21 10.71 ± 0.24 12.06 ± 0.29 12.70 ± 0.21 9.33 ± 0.40 8.87 ± 0.20 10.89 ± 0.17 9.78 ± 0.07 ***
a-C15:0 6.86 ± 0.12 6.91 ± 0.10 6.38 ± 0.10 6.69 ± 0.10 * 6.99 ± 0.31 6.84 ± 0.23 6.49 ± 0.19 6.92 ± 0.10 7.45 ± 0.12 7.44 ± 0.18 9.45 ± 0.20 8.85 ± 0.24
i-C16:0 2.62 ± 0.03 2.59 ± 0.06 2.85 ± 0.10 3.02 ± 0.10 4.08 ± 0.22 3.89 ± 0.10 4.00 ± 0.16 4.21 ± 0.08 3.26 ± 0.20 3.10 ± 0.05 3.18 ± 0.09 3.06 ± 0.16
i-C17:0 1.97 ± 0.05 1.95 ± 0.02 1.92 ± 0.09 1.96 ± 0.09 2.34 ± 0.09 2.26 ± 0.06 2.35 ± 0.02 2.46 ± 0.03 * 2.16 ± 0.06 2.03 ± 0.03 2.09 ± 0.05 2.05 ± 0.05
a-C17:0 1.30 ± 0.05 1.28 ± 0.03 1.38 ± 0.03 1.58 ± 0.03 ** 1.40 ± 0.06 1.44 ± 0.06 1.39 ± 0.02 1.45 ± 0.02 1.43 ± 0.05 1.39 ± 0.03 1.58 ± 0.05 1.61 ± 0.06
Gram-negative bacteria C16:1ω7c 8.82 ± 0.11 9.13 ± 0.09 8.81 ± 0.11 9.58 ± 0.11 * 6.51 ± 0.44 6.27 ± 0.30 6.69 ± 0.05 7.28 ± 0.12 * 8.07 ± 0.64 8.47 ± 0.19 8.74 ± 0.18 8.44 ± 0.09
C16:1ω7t 1.69 ± 0.09 1.54 ± 0.03 1.27 ± 0.06 1.40 ± 0.06 0.98 ± 0.06 1.03 ± 0.07 1.17 ± 0.05 1.19 ± 0.04 1.28 ± 0.09 1.30 ± 0.01 1.52 ± 0.05 1.58 ± 0.14
C17:0cy 4.67 ± 0.05 4.46 ± 0.07 * 4.08 ± 0.08 4.33 ± 0.08 4.84 ± 0.15 4.91 ± 0.34 5.35 ± 0.07 5.83 ± 0.15 * 3.99 ± 0.15 4.14 ± 0.08 4.45 ± 0.02 4.47 ± 0.09
C18:1ω7c 10.53 ± 0.30 10.46 ± 0.19 14.76 ± 0.46 15.10 ± 0.46 6.87 ± 0.46 7.32 ± 0.51 8.85 ± 0.32 10.10 ± 0.32 ** 12.23 ± 0.69 12.84 ± 0.23 12.40 ± 0.35 12.15 ± 0.26
C19:0cy 4.09 ± 0.28 4.09 ± 0.26 3.67 ± 2.04 1.41 ± 2.04 6.82 ± 0.52 8.93 ± 2.14 12.14 ± 1.44 6.05 ± 1.53 * 4.52 ± 0.66 3.92 ± 0.47 2.66 ± 0.95 5.85 ± 0.13 **
Actinomycetes 10Me-C16:0 2.91 ± 0.14 2.68 ± 0.15 3.99 ± 0.15 4.46 ± 0.15 * 4.49 ± 0.20 3.15 ± 0.99 3.88 ± 0.56 4.39 ± 0.02 2.90 ± 0.56 2.98 ± 0.37 4.22 ± 0.11 4.00 ± 0.17
10Me-C17:0 0.19 ± 0.04 0.15 ± 0.02 0.56 ± 0.03 0.62 ± 0.03 0.34 ± 0.03 0.28 ± 0.02 0.54 ± 0.04 0.54 ± 0.03 0.32 ± 0.03 0.27 ± 0.02 0.28 ± 0.01 0.30 ± 0.01
10Me-C18:0 1.33 ± 0.09 1.01 ± 0.19 2.16 ± 0.16 2.14 ± 0.16 1.48 ± 0.07 1.59 ± 0.10 1.16 ± 0.03 1.33 ± 0.04 * 2.11 ± 0.09 2.05 ± 0.14 2.09 ± 0.14 2.37 ± 0.21
Fungi C18:1ω9c 5.88 ± 0.21 5.95 ± 0.26 9.33 ± 0.32 9.39 ± 0.32 5.36 ± 0.08 5.51 ± 0.31 5.25 ± 0.09 5.24 ± 0.12 7.77 ± 0.34 7.77 ± 0.39 7.03 ± 0.03 6.96 ± 0.15
C18:2ω6,9c 6.26 ± 0.24 6.59 ± 0.32 4.67 ± 0.45 3.64 ± 0.45 2.10 ± 0.30 1.89 ± 0.24 2.36 ± 0.06 2.40 ± 0.34 4.20 ± 0.09 3.76 ± 0.39 1.53 ± 0.04 1.84 ± 0.19
AM Fungi C16:1ω5c 5.84 ± 0.17 5.65 ± 0.11 5.56 ± 0.20 6.02 ± 0.20 3.14 ± 0.20 3.19 ± 0.16 3.00 ± 0.03 3.51 ± 0.26 4.68 ± 0.41 5.22 ± 0.19 5.04 ± 0.11 4.90 ± 0.32
Non-specific bacteria C14:0 1.40 ± 0.04 1.39 ± 0.03 1.09 ± 0.03 1.09 ± 0.03 1.81 ± 0.08 1.79 ± 0.02 1.41 ± 0.10 1.49 ± 0.03 1.35 ± 0.04 1.38 ± 0.04 1.56 ± 0.08 1.36 ± 0.03
C15:0 0.82 ± 0.05 0.82 ± 0.02 0.67 ± 0.01 0.68 ± 0.01 1.06 ± 0.01 1.08 ± 0.03 0.78 ± 0.02 0.85 ± 0.03 0.77 ± 0.02 0.74 ± 0.01 0.81 ± 0.02 0.78 ± 0.02
C16:0 18.32 ± 0.18 19.10 ± 0.14 * 13.27 ± 0.28 13.89 ± 0.28 22.93 ± 0.37 22.55 ± 0.72 17.21 ± 0.23 17.90 ± 0.79 18.05 ± 0.27 18.10 ± 0.70 16.30 ± 0.31 15.40 ± 0.22
C17:0 0.60 ± 0.02 0.58 ± 0.01 0.65 ± 0.16 0.54 ± 0.16 0.74 ± 0.02 0.79 ± 0.03 0.54 ± 0.01 0.62 ± 0.02 * 0.57 ± 0.03 0.59 ± 0.01 0.65 ± 0.00 0.67 ± 0.05
C18:0 2.35 ± 0.04 2.33 ± 0.05 2.48 ± 0.73 1.87 ± 0.73 3.43 ± 0.09 3.63 ± 0.08 2.62 ± 0.06 2.66 ± 0.01 2.51 ± 0.03 2.57 ± 0.05 2.43 ± 0.06 2.43 ± 0.05
BiocharControl
ScotlandNorwaythe NetherlandsGermanyDenmarkBelgium
ControlBiocharControlBiocharControl BiocharControlBiocharControlBiochar
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Figure 8.14 Two-dimensional ordination of the PLFA microbial communities in the experimental 
biochar (blue) and control (red) plots using Redundancy Analysis (RDA, Chord distance) 
and fitted vectors for chemical soil properties (NL: the Netherlands, DE: Germany, NO: 
Norway, DK: Denmark, GB: Great Britain (Scotland), BE: Belgium). Significant 
correlations between the ordination and vectors are indicated by an asterix (*: P <0.05; **: 
P < 0.01***: P<0.001). Only PLFAs (“RDA species”) with a RDA axis score >1 are 
plotted on the triplot. 
 
8.3.5 Crop analyses 
At the start of the 2012 growing season there were 360 ± 7 and 350 ± 9 germinated seeds 
m
-2 
(mean ± standard error; n = 8) for the control and biochar treatment, respectively. The 
difference was not significantly different (P = 0.41). No significant differences (P > 0.30) 
were found between the control and biochar treatments regarding the dry matter straw and 
grain yield, P and N concentrations in grain and straw and grain hL weight, in none of the 
growing seasons  (Table 8.8). 
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Table 8.8 Grain and straw dry matter yield, P and N concentration and hL weight in the control and biochar treatment (mean ± standard error; 
n = 4) 
 
 
 
 
 
Treatment
Control 5.90 ± 0.09 0.38 ± 0.02 1.72 ± 0.06 61.68 ± 0.98 3.61 ± 0.29 0.17 ± 0.01 0.64 ± 0.01
Biochar 5.87 ± 0.11 0.37 ± 0.02 1.72 ± 0.07 60.90 ± 0.59 3.78 ± 0.20 0.17 ± 0.01 0.61 ± 0.02
Control 4.87 ± 0.22 0.42 ± 0.01 1.49 ± 0.05 59.53 ± 1.69 2.73 ± 0.13 0.18 ± 0.01 0.65 ± 0.04
Biochar 4.48 ± 0.27 0.40 ± 0.01 1.52 ± 0.04 60.88 ± 0.84 2.94 ± 0.10 0.19 ± 0.01 0.65 ± 0.03
Dry matter yield (t ha
-1
)
Grain Straw
2012
2013
hL weight (kg hL
-1
)Dry matter yield (t ha
-1
) P (%) N (%) N (%)P (%)
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8.4 Discussion 
8.4.1 The effect of biochar on soil properties 
In the first two years after biochar application, biochar did not affect soil chemical quality, 
except for, as expected, soil organic carbon content and the C:N ratio. There is a trend for a 
lower measured SOC content than theoretically calculated, although this was only 
significant in April 2013. This could be due to a deeper biochar incorporation than 
sampling depth (25 cm), through which the biochar concentration has been diluted, or to 
biochar losses through water (both laterally and leaching losses) or wind processes. 
However, these hypotheses are unlikely, as already immediately after biochar 
incorporation, measured SOC content was lower than what was theoretically expected, and 
biochar was not observed deeper than 25 cm. Furthermore wind losses did not occur during 
biochar application as biochar was (i) wetted before application and (ii) immediately after 
application incorporated. Other hypotheses are a heterogeneous biochar distribution in the 
soil profile or displacement of the biochar laterally due to tillage operations. The latter had 
been observed after biochar incorporation in 2011, when also maize stubble was 
incorporated. At that time, biochar was horizontally dragged together with the maize 
stubble. As soil C:N ratio in August 2013 was not changed compared to October 2011, the 
biochar proves to be stable under field circumstances. The labile C fraction of the biochar 
amounted 3.95 mg C g
-1
 biochar-C (= 0.4%) 381 days after the start of the incubation 
experiment, but not all labile C had been mineralized when the experiment was stopped 
(Chapter 2). 
Just after biochar application in autumn (October 2011), it was expected that soil mineral 
N would be immobilized, but that this effect would be transient and vanished by the start 
of the 2012 growing season. Unlike hypothesized, biochar did not influence soil mineral N 
concentrations, neither immediately after biochar application, nor during winter and the 
growing season. However, despite not affecting net mineral N availability, accelerated N 
cycling has been shown just after biochar application in October 2011, thereby increasing 
N bio-availability through increased gross mineralization and nitrification rates (Chapter 
4). This available N was quickly biotically immobilized. One year after biochar addition, 
results show that these effects are temporarily, probably due to the transient effects of 
biochar pH and labile C fraction (Chapter 4). Bulk soil pH was not affected by biochar 
addition, despite the fact that biochar’s pH-KCl is more than 2 units higher than the soil pH 
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(8.6 compared to 6.4). However, pH measurements of bulk soils do not reflect pH values 
experienced by microorganisms located around biochar particles (Lehmann et al., 2011). 
In an Italian field trial 14 months after biochar application, it was observed that NH4
+
 
availability was reduced in the biochar treatment compared to the control (17 mg N kg
-1
 in 
the 60 t biochar ha
-1
 treatment compared to 69 mg N kg
-1
 in the control), while this was not 
the case for NO3
- 
(Castaldi et al., 2011). In contrast to our results, Castaldi et al. (2011) 
observed a significant increase in soil pH three months after the application of a woody 
biochar type (pH-H2O 7.2) to a silty-loam soil (pH-H2O 5.4), while 11 months later, the 
difference was not significant anymore. It should be noted, however, that Castaldi et al. 
(2011) applied a higher dose compared to our experiment (30 or 60 t ha
-1 
compared to 20 t 
ha
-1
 in our experiment). Also Jones et al. (2012) showed that the biochar pH-effect is 
transient, as the pH-H2O of three year field-aged biochar was significantly lower than the 
pH of fresh biochar (6.70 and 8.81, respectively).  
Unlike our 2012 results, Jones et al. (2012) did not detect differences in soil bulk density 
three years after biochar addition in a UK field trial, probably because, soil bulk density 
was already rather low (1.0 g cm
-3
). Immediately after biochar application, in October 
2011, VWC at high matric heads was increased with biochar addition, and consequently θs 
and MatPor were so. In this study, MatPor comprises matrix pore diameters of ≤ 60 µm 
(which corresponds to matric heads ≤ -50 cm), while MacPor comprises pore diameters of 
> 60 µm. As at matric heads < -100 cm, corresponding to pore diameters < 30 µm 
(Reynolds et al., 2007), no significant differences were found in measured VWC between 
the control and biochar treatments, the increase in MatPor was due to an increase in pore 
diameters between 30 and 60 µm. However, in March and August 2012, no differences in 
VWC were found anymore. In contrast, bulk density was decreased and porosity increased 
at those moments. In October 2011, surprisingly this was not the case although the soil 
water retention curve was affected at that time. In October 2011, Kopecky-rings were 
taken one week after biochar application and soil cultivation, therefore the soil was 
disturbed at that time. Despite no effect on soil bulk density, in April 2013, VWC was 
increased with biochar application at soil matric heads ranging from h = -50 cm to h = - 
3000, resulting in increase of θFC, AC, PAWC and RWC, indicating a better soil aeration 
and water storage capacity. The S-index was slightly but significantly decreased in the 
biochar treatment compared to the control, indicating that soil physical quality was 
improved. θPWP was not influenced by biochar addition at none of the sampling moments, 
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indicating that biochar-treated soil would not retain more water in periods of drought. 
Overall, our results show a complex interaction between soil water retention curve, time 
after biochar application and time of tillage operations. Each half year, the soil was 
cultivated; therefore possibly effects on bulk density and porosity were non-consistent. 
However, the results from April 2013 indicate that biochar develops capacity to retain 
more soil water over time, but this was not due to increased porosity. This finding was not 
supported by the VWC results as measured with reflectometer sensors in 2013 (Figure 
8.11a), which are in agreement with findings from Case et al. (2013) and Karhu et al. 
(2011). Case et al. (2013) found in a UK field trial that biochar amendment did not 
significantly affect soil gravimetric water content (measured at 0-6 cm soil depth) during 
the first two years after biochar application, and also Karhu et al. (2011) observed no 
significant differences in soil gravimetric water content (measured at 0-5 cm soil depth)  in 
a Finnish biochar field trial (9 t ha
-1
) the first six weeks after biochar application. During 
the 2012 growing season, VWC (measured at the 8-20 cm soil depth interval) was 
increased after biochar application in our study, although only significantly on a few 
moments. Differences in VWC between the control and biochar treatment were smaller in 
2013 despite lower VWC values that year. Standard errors were generally higher in the 
biochar compared to the control treatment in both 2012 and 2013, possibly due to a 
heterogeneous biochar particle distribution across the soil depth. This might be the reason 
why only few significant differences were found in VWC between the control and biochar 
treatment although VWC was consistently higher in the biochar plots in 2012. It can be 
calculated how many sensors would have to be installed in the field in order to find more 
significant differences. The amount of replicates needed to find a significant difference 
between two treatments, with a probability of 1 - α (or greater) to identify correctly the 
treatment with the highest mean, can be calculated using the formula for determining the 
sample size to find the treatment with the highest or lowest mean: 
  √ 
 
        
when 1 – α = 0.95, or 
  √ 
 
        
when 1 – α = 0.90 
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in which λ is the smallest difference between the treatment means that is important to 
recognize, n is the number of replicates, and σ is the standard deviation. These formulas 
are valid when the number of treatments is two (Bechhofer, 1954; Kutner et al., 2005). The 
average standard deviation of the VWC in the biochar treatment was 4.78% in 2012 and 
3.30% in 2013. The average difference between the VWC measured in the biochar and 
control treatment was 2.98%  in 2012 and 1.06% in 2013. Table 8.9  shows that the 
number of replicates (thus sensors) needed to obtain significant differences given the 
standard deviation and average difference between the treatments equals 14 in 2012 (under 
wet circumstances) and 52 in 2013 (under dry circumstances), when1 – α equals 0.95. 
When 1 – α decreases, the number of replicates for a certain λ decrease. It has to be noticed 
that this is an approximation, as standard deviations were not equal for the control and 
biochar treatment. 
 
Table 8.9 Sample size (n) calculations for a given standard deviation σ and a certain λ, which is the 
smallest difference between the treatment means that is important to recognize. 
 
λ in bold indicates the average difference between the VWC measured in the biochar and control treatment. 
 
Despite R²-values of 0.84 and 0.89, and E-values of 0.82 and 0.88, the reflectometer sensor 
validation results show that the difference between measured and permittivity derived 
VWC varies between 0 and 5.9% VWC. This is probably mainly due to a high variability 
in the field, to which the sensor measurements are likely more sensitive compared to the 
gravimetric measurements. Errors induced by the calibration curves and the bulk density 
used to convert gravimetric to volumetric water content could also play a role. However, 
despite the high variation in measured permittivity between the sensors, there is a good 
correspondence between the average permittivity derived VWC and the measured VWC 
measurements (Figure 8.9b). 
σ λ n σ λ n
4.78 3.93 8 4.78 2.98 8
4.78 2.98 14 4.78 2.17 16
4.78 2.78 16 4.78 1.53 32
4.78 1.97 32
3.30 2.71 8 3.30 2.11 8
3.30 1.92 16 3.30 1.50 16
3.30 1.36 32 3.30 1.06 32
3.30 1.06 52
1 - α = 0.90
2012
2013
2012
2013
1 - α = 0.95
 Effects of biochar on soil and crop response 
177 
 
In our study, the significant increase in stability index with biochar addition five months 
after biochar application compared to the control points to more stable aggregates in this 
treatment. Furthermore, a better soil structure could have contributed to the better soil 
water retention observed in April 2013. Biochar could affect soil aggregation due to 
interactions with soil organic matter, minerals and microorganisms. For example, aged 
biochar could potentially act as a binding agent of organic matter and minerals as it has a 
high CEC (Verheijen et al., 2010). Possibly this occurred in our field trial, and would be in 
correspondence with findings from Brodowski et al. (2006). They concluded that biochar 
could contribute to the formation and stabilization of microaggregates. However, in our 
study the stability indices were reduced in March 2012 compared to at the start of the field 
trial, in October 2011. Hydraulic conductivity measurements showed a similar trend, as 
also hydraulic conductivity was lower in March 2012 compared to October 2011. This can 
be explained by differences in soil disturbance (disturbed in October 2011 due to tillage 
operations while undisturbed in March 2012). Just after biochar application, hydraulic 
conductivity tended to increase in the biochar compared to the control treatment, which can 
possibly be related to the higher VWCs in the biochar compared to the control treatment at 
high soil matric heads ranging from h = -10 cm to h = -100 cm. Despite the positive effect 
of biochar on the stability index in March 2012, saturated hydraulic conductivity was not 
significantly affected by biochar addition at that time, which is in agreement with findings 
from Laird et al. (2010). In contrast, Ayodele et al. (2009) found an increase in saturated 
hydraulic conductivity under charcoal site soils compared to an adjacent soil. Overall, in 
the first year after application, biochar addition to soil seems to improve soil physical 
quality to a certain extent, through reducing soil bulk density, increasing porosity, and 
improving soil aggregation. However, this was not (yet) reflected in improved hydraulic 
conductivity and increased plant available water availability. During the second year after 
biochar application, the soil water retention characteristics were positively affected by 
biochar addition, possibly due to a better soil structure, although the continuously 
measured VWC was not influenced by biochar. 
Phospholipid fatty acids (PLFA) are essential structural components of the cell membranes 
of all living cells. They are synthesized during microbial growth and, in general, rapidly 
decompose after cell death. Therefore, the concentration of total PLFAs is a measure of the 
microbial biomass, and the individual fatty acids provide details about the groups of 
organisms or community structure (Burns, 2011). In this way, it can be investigated 
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whether biochar influences the presence of (arbuscular mycorrhizal) fungi, actinomycetes, 
Gram-positive and Gram-negative bacteria in soil. Biochar could change the microbial 
community structure by inducing an altered soil environment through changing the 
resource base (e.g., available C, nutrients, water) or abiotic factors (e.g., pH, toxic 
elements), or through providing a different habitat (Lehmann et al., 2011). However, our 
results from six different field trials across the North Sea region show that biochar 
application in the field trials did not clearly affect the soil microbial community structure 
during the 2012 growing season. In some countries, certain bacterial biomarker PLFAs 
were significantly affected, but the amount of microbial biomass was not significantly 
changed, which was not surprising as soil chemical and physical characteristics were 
hardly influenced at that time. It was remarkable that fungal biomarker PLFAs were not 
significantly affected by biochar addition. Fungi are often hypothesized to be positively 
affected by biochar addition. For example, Lehmann et al. (2011) mention that the two 
most commonly occurring types of mycorrhizal fungi (arbuscular and ectomycorrhizal) are 
often positively affected by the presence of biochar. Possibly in the short term, biochar 
stimulated soil microbial activity and/or changed microbial community structure through 
its labile C fraction and pH-effect, but in the longer term, these effects have vanished as 
they are transient (Chapter 4). Except for soil microbial life, also the number of 
earthworms m
-2
 and earthworm biomass were not affected by biochar addition. From the 
limited number of studies investigating the effect of biochar on earthworm activity, which 
show contrasting results, it can be concluded that the earthworm response is function of 
both soil and biochar properties (Weyers and Spokas, 2011).  
 
8.4.2 The effect of biochar on crop yield and properties 
Biochar addition to soil did not affect crop yield and properties in the first two years after 
biochar application. This was not surprising, as biochar addition to soil did not affect soil 
chemical, physical and biological properties to a large extent. Our results are in agreement 
with findings from Hammond et al. (2013), in which seven field trials in the UK are 
discussed. In most cases, no significant effect from biochar addition on crop yield was 
observed. Also Jones et al. (2012) did not find an effect on growth performance of maize 
the first year after biochar application (25 or 50 t ha
-1
). In contrast, in the second year of 
the same study (Jones et al., 2012), foliar N content of a grass crop was increased after 
biochar addition, but no effect on dry matter yield was observed. In the third year, a 
 Effects of biochar on soil and crop response 
179 
 
significant increase in dry grass biomass production was observed with biochar addition, 
while there was no effect on foliar or grain N content. The contrasting results between 
maize and grass are partly explained by the differences in rooting depth. Possibly also in 
our field trial, spring barley rooted too deep to take advantage of the biochar present in the 
0 - 25 cm layer. Nevertheless, other authors show that also a deep rooting crop can take 
advantage of biochar application. Vaccari et al. (2011) observed already in the first year 
after biochar application (30 and 60 t ha
-1
) an increased aboveground wheat biomass and 
grain yield, while no effect on N concentration was observed. These effects were 
confirmed in the second year. Suggested explanations were an increase in soil pH, higher 
soil temperatures during seed germination, reduced weed competition, and mitigation of 
drought effects. Also Baronti et al. (2010) observed increased aboveground wheat biomass 
but no effect on grain biomass the first year after biochar application of 10 t ha
-1
 in an 
Italian field trial. Suggested explanations were improved soil water conditions, reduced 
nutrient leaching, and improved soil structure and aggregate formation. In contrast, a field 
experiment with maize did not reveal significant differences between the control and 
biochar treatment (Baronti et al., 2010).  
Our data suggest that biochar addition would not promote seed germination or youth 
growth due to its effect on soil temperature, as no consistent higher soil temperature in the 
biochar treatment (compared to the control) at lower temperatures was observed. However, 
it has to be noted that soil temperature in our field experiment was measured at 8-20 cm, 
possibly too deep to observe an effect. In contrast, Vaccari et al. (2011) observed increased 
soil temperature at 5 cm of soil depth in the biochar (30 or 60 t ha
-1
) compared to the 
control treatment. Soil water content was increased in the biochar compared to the control 
treatment in 2012, although mostly not significantly, but this was not translated into a 
positive effect on crop biomass as soil water contents were generally rather high. In 
contrast, in 2013, when soil water contents were lower compared to 2012, biochar did not 
affect soil water content. Soil physical parameters seemed to be positively affected by 
biochar addition over time, but not sufficiently to be translated into higher crop yields.  
 
8.5 Conclusion 
In the first two years after application, addition of a woody biochar type did not affect soil 
quality to a large extent. Soil chemical and biological parameters were not affected by 
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biochar addition, except for soil organic carbon, the C:N ratio and some bacterial 
biomarker PLFAs. Fungal biomarker PLFAs were not influenced by biochar addition. 
Biochar increased soil VWC in 2012, although mostly not significantly. Differences in 
VWC between the control and biochar treatment were smaller in 2013 despite lower VWC 
values that year. This indicates that the biochar used does not improve water retention 
during drought periods. The soil water retention curves measured in the first year after 
biochar application indicate that biochar does not increase the amount of plant available 
water. However, 18 months after biochar addition, the SWRC was positively affected by 
biochar addition, which was reflected in a better soil aeration and PAWC. Our data cannot 
confirm that biochar application can promote youth growth due to a positive effect on soil 
temperature, although our sensors were possibly installed too deep (8-20 cm) to observe an 
effect.  
To conclude, despite some positive effects from biochar on soil physical properties, 
biochar did not influence crop yield and quality the first two years after biochar 
application. Possibly the Flemish soil type used in this study was too fertile (compared to 
highly weathered tropical soils) to respond positively to biochar addition, although the soil 
had a low organic carbon content. Furthermore, biochar may not have been weathered 
sufficiently to show positive effects on soil quality and consequently crop yield. Longer-
term results are needed to verify this hypothesis.  
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CHAPTER 9 
9 General discussion and conclusions 
 
Biochar production and application to soil is often associated with raising agricultural 
productivity while mitigating climate change, as biochar could affect soil properties and 
processes, carbon could be sequestered, and as bioenergy is produced during pyrolysis. 
Especially in (tropical) highly weathered soils, biochar has shown positive effects on soil 
properties and crop yields, but it is uncertain whether the same positive effects can be 
obtained in (temperate) more fertile soils. Therefore the main aim of this research was to 
get a better understanding of the effect of biochar on soil chemical, physical and biological 
properties, crop growth, and soil greenhouse gas emissions in typical agricultural 
northwestern European soils. Lab, pot and field experiments were conducted to gain 
insight into biochar effects on plant and soil. In this chapter, the results from Chapters 2 to 
8 are synthesized, and general conclusions are drawn. Feedback is given to the initial 
formulated hypotheses (Section 1.5.2), being: 
Hypothesis 1: Biochar application to soil would accelerate N cycling and this effect would 
persist through time. 
Hypothesis 2: Biochar addition to soil (i) decreases soil bulk density and increases 
porosity, (ii) improves plant available water capacity and (iii) improves soil quality as 
expressed in terms of indicators derived from the soil water retention curves.  
Hypothesis 3: Biochar addition to soil reduces both N2O and NO emissions.  
Hypothesis 4: Biochar addition to soil (i) reduces soil mineral N availability in the short 
term, (ii) improves soil physical quality through decreasing soil bulk density and 
increasing porosity, (iii) increases volumetric soil water content, especially during dry 
periods, (iv) changes soil microbial community structure, and (v) increases crop growth in 
the longer term. 
To end this chapter, suggestions for future research are proposed. 
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9.1 Biochar characterization 
In this PhD research, a range of biochar types was used to investigate the effect of biochar 
on soil properties and processes and crop growth. The biochar characterization shows that 
both feedstock and pyrolysis temperature influence biochar properties to a large extent. For 
a given feedstock, at higher pyrolysis temperatures biochar pH and CEC increase, while 
volatile matter and H:C ratios decrease as biochar stability increases. This is confirmed by 
the labile C results of the biochar, which decrease when pyrolysis temperature increases. 
The labile C fraction was highest for the maize-350°C biochar, while the woody biochar 
types showed to be more stable. 
 
9.2 Biochar effects on plant and soil 
9.2.1 Soil chemical properties 
9.2.1.1 Soil N cycling 
The incubation and pot experiments (Chapter 7) have shown that the application of woody 
biochar types can cause a reduction in soil mineral N availability in the short term, which 
corresponds with our hypothesis (Hypothesis 4-i). The labile C fraction of biochar was not 
responsible for this observation, as these fractions were too small for the biochars tested. 
However, other microbial stimulating processes induced by biochar, e.g. a change in soil 
pH, could possibly increase total microbial abundance or activity (Lehmann et al., 2011), 
thereby consuming more N and thus immobilizing N biotically. Other hypotheses put 
forward are non-electrostatic N sorption or volatilization of NH3. The 
15
N-experiment with 
maize biochars (Chapter 3) also demonstrated reduced mineral N availability in the biochar 
treatments compared to the control. In contrast, mineral N concentrations measured in the 
field trial, in which a woody biochar type was applied, showed that biochar addition to soil 
does not affect mineral N availability, neither in the short nor in the longer term. However, 
it has to be noted that the mineral N concentrations in the field trial were very low 
compared to the mineral N concentrations in the maize biochar 
15
N experiment, 
incubation-pot experiments and greenhouse gas experiment (Table 9.1). Maybe for this 
reason, no net reduced mineral N availability was observed in the biochar treatment 
compared to the control in the field trial. 
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Table 9.1 Overview of mineral N concentrations at the end of the different experiments. It is 
indicated whether biochar addition to soil caused a significant N reduction at the end of the 
experiment at P < 0.05 (reduction = X; no reduction = O). 
 
*These values are the sum of the  mineral N concentration and crop N uptake at the end of the experiment. 
**12 mg N kg
-1
 soil is the maximum amount of mineral N measured in the field trial between October 2011 
and August 2013. 
 
The 
15
N-tracing experiments with maize biochars (Chapter 3) suggested that in the short 
term, biochar addition to soil stimulated mineralization of more complex SOC, thereby 
increasing soil N bioavailability. However, this available mineral N was quickly biotically 
immobilized. Furthermore, nitrification rates were increased with biochar addition. Also 
the short-term field trial 
15
N-tracing experiment showed accelerated N cycling after 
biochar addition (Chapter 4), confirming our initial formulated hypothesis (Hypothesis 1). 
In contrast, in the longer term, these effects faded, probably due to the transient effects of 
biochar labile C fraction and high pH (Chapter 4), which is in contrast to our hypothesis 
that accelerated N cycling would persist through time. 
When the abovementioned experiments are compared, we conclude that most likely, 
biochar affects soil mineral N availability in the short term due to (i) biotic N 
immobilization, possibly but not necessarily caused by the labile C fraction of biochar, as it 
was shown in Chapter 7 that biochar labile C fractions were too small to explain the 
reduced N availability after biochar application, (ii) abiotic N immobilization due to 
physicochemical properties of biochar and (iii) volatilization of NH3. The field trial results 
(Chapter 8) show that, at least for the wood mixture biochar, in the longer term, biochar 
does not affect the soil N cycle. In case mineral N availability was reduced through 
trapping mineral N containing water in biochar micropores, it is unknown whether and 
when this mineral N could be released again. 
 
Feedstock Temperature (°C)
3 15N tracing 10 Maize 350, 550 Loamy sand 29.3 X
4 15N tracing short-term 10.9 O
4 15N tracing long-term 3.4 O
90.9 X
79.9 X
96.4 X
19.3 X
30.6 X
61.0 X
18.9* X
28.0* X
8 Field 5 Wood mixture 480 Sandy loam < 12** O
6 Incubation Several Silt loam
Significant N reduction in 
biochar treatment(s) at end 
experiment?
Biochar type
Chapter Type of experiment Soil type
 NH4
+
 + NO3
-
  in control at 
end experiment (mg N kg
-1
)
Sandy loam480Wood mixture 
Biochar dose 
(g kg
-1
)
5
5
Pot (radish)7 Sandy loam
7 Incubation Willow-Pine 450, 550, 650
Willow-Pine 450, 550, 650
Sandy loam10
10
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9.2.1.2 Soil pH 
Despite the high pH of biochar, bulk soil pH was not always significantly affected by 
biochar addition (Table 9.2). There was a trend for a higher increase in soil pH after 
biochar application in low pH soils while at more neutral soil pH, this was not the case as 
observed in the biochar field trial. However, it cannot be excluded that elevated pH micro-
sites close to biochar particles occur and affect soil processes, despite biochar having no 
effect on bulk soil pH.  
Through affecting soil pH, biochar can influence several soil processes. For the incubation 
experiment (Chapter 7), it was hypothesized that stimulated NH3 volatilization in elevated 
pH micro-sites close to biochar particles could have contributed to reduced N availability 
after biochar application. Furthermore, at higher pH, denitrification yields relatively less 
N2O leading to a lower N2O:N2 ratio, through which N2O emissions could be reduced 
(Chapter 6). The 
15
N tracing experiments showed that gross nitrification rates were 
increased after biochar application, probably due to an increased soil pH enhancing NH3 
availability (Chapter 3). 
Table 9.2 Overview of soil pH-KCl, biochar pH-KCl, and soil pH-KCl after biochar addition. Data 
in bold indicate whether biochar addition to soil caused a significant pH-increase at P < 0.05. 
 
 
 
9.2.2 Soil physics 
It was expected that biochar application to soil would improve soil physical properties 
through decreasing soil bulk density and increasing porosity, thereby improving plant 
available water content (Hypothesis 2). In the lab experiment (Chapter 5), no effects on 
soil water retention characteristics and its derived physical soil quality parameters were 
detected, except for water contents at high matric heads which were decreased in a sandy 
loam soil with biochar addition. This was probably caused by increased permeability at 
Feedstock Temperature (°C)
350 8.3 5.25
550 9.8 5.34
4 15N tracing short-term 6.38 6.41
4 15N tracing long-term 6.45 6.42
450 7.3 5.61
550 7.5 5.61
650 8.1 5.71
450 6.7 5.48
550 6.8 5.50
650 7.7 5.55
8 Field 5 Wood mixture 480 Sandy loam 6.22-6.50 8.6 6.15-6.41
3 15N tracing Maize Loamy sand 4.9810
5 8.6
7
Wood mixture 480 Sandy loam
5.45
Willow
Pine
Pot (radish, 
unfertilized)
Sandy loam10
Soil pH-KCl after 
biochar application
Biochar  
pH-KCl
Chapter Type of experiment
Biochar type
Soil type
Soil            
pH-KCl
Biochar dose 
(g kg
-1
)
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volumetric water contents very close to saturation, for example after a heavy rainfall event, 
in this soil type. Our results contradict our initial formulated hypotheses, being an 
increased plant available water capacity and physical soil quality with biochar addition.  
In the field trial (Chapter 8), a complex interaction between soil physical parameters, time 
after biochar application and time of tillage operations was observed. Effects on bulk 
density, porosity and soil water retention curves were non-consistent over time, possibly 
due to the tillage operations that took place each half year. Despite some positive effects of 
biochar on soil physical properties, generally biochar did not improve soil water content as 
measured by the reflectometer sensors significantly, even not during dry periods. This was 
confirmed by the soil water retention curves measured in the first year after biochar 
application, and disproves the hypothesis that biochar could increase the amount of plant 
available water. However, 18 months after biochar addition in the field, the soil water 
retention curve was positively affected by biochar addition, possibly due to a better soil 
structure and aggregation in the biochar treatment, although this was not confirmed by the 
continuously measured volumetric water contents. It was remarkable that standard errors 
for VWC were generally higher in the biochar compared to the control treatment in both 
2012 and 2013, possibly due to a heterogeneous biochar particle distribution across the soil 
depth, through which only few significant differences were found in VWC between the 
control and biochar treatment. The initial formulated hypotheses (Hypothesis 4-ii,iii), 
being improved soil physical quality through decreased soil bulk density and increasing 
porosity and increased volumetric soil water content after biochar application in the field, 
can be partially accepted. 
 
9.2.3 Soil biology 
Unlike hypothesized (Hypothesis 4-iv), results from six different field trials across the 
North Sea region show that application of a woody biochar type did not clearly affect the 
soil microbial community structure during the 2012 growing season. In some countries, 
certain bacterial biomarker PLFAs were significantly affected, but the amount of microbial 
biomass was not significantly changed, which was not surprising as soil chemical and 
physical characteristics were hardly influenced at that time. It was remarkable that fungal 
biomarker PLFAs were not significantly affected by biochar addition. Possibly in the short 
term, biochar stimulated soil microbial activity and/or changed microbial community 
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structure through its labile C fraction and pH-effect, but in the longer term, these effects 
have vanished as they are transient (Chapter 4). 
Not much is known about biochar effects on soil macrofauna. However, evidence exists 
that biochar would positively influence earthworms, but generally contrasting results show 
that earthworm response is function of both soil and biochar properties (Weyers and 
Spokas, 2011). We observed in the field experiment that earthworm abundance was not 
affected by addition of a woody biochar type. 
 
9.2.4 N2O and NO emissions 
As expected (Hypothesis 3), biochar addition to soil reduced N2O emissions compared to 
the control soil when urea and NO3
-
 fertilizers were applied with on average 52% and 84%, 
respectively. Pyrolysis temperature affected the extent of the N2O emission decrease. Also 
NO emissions were reduced after biochar addition in the urea, NH4
+
 and NO3
-
 fertilizer 
treatments with on average 47%, 53% and 67%, respectively. Furthermore, also mineral N 
availability was reduced in the biochar treatments compared to the control. We hypothesize 
that decreased N2O and NO emissions were mediated by multiple interacting phenomena: 
stimulated NH3 emissions, microbial N immobilization, non-electrostatic sorption of NH4
+
 
and NO3
-
, and pH effects. Despite this effect being favorable for climate change mitigation, 
more research is needed to study whether the same effect would be obtained under field 
conditions and when lower N fertilizer doses are applied. Furthermore, longer-term results 
are needed to verify the short-term effects. 
 
9.2.5 Plant growth 
Pot trial results showed reduced plant growth in the short term after addition of woody 
biochar types to soil due to reduced NO3
-
 availability in the biochar treated soils. This 
effect was biochar feedstock (willow or pine) and pyrolysis temperature dependent. 
However, under field circumstances, the addition of a woody biochar type to soil did not 
affect spring barley grain or straw yield, nor N or P uptake during the first two years after 
biochar application. These results are in in contrast to our hypothesis of increased crop 
growth in the longer term (Hypothesis 4-v). However, our study shows relatively short-
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term results, and long-term data are needed to confirm these first findings. Furthermore, 
only one biochar type was tested in the field. 
 
9.3 Does biochar improve soil quality? 
Soil quality is usually defined as the capacity of the soil to carry out ecological functions 
that support terrestrial communities, resist erosion, and reduce negative impacts on 
associated air and water resources (Weil and Magdoff, 2004). Soil quality related 
indicators include chemical, physical and biological soil properties like organic matter, pH, 
nutrient availability, bulk density, porosity, aggregate stability, water holding capacity, and 
microbial biomass (Karlen et al., 1997). Our results indicate that biochar has mixed effects 
on soil quality properties in the short term, as effects can be negative (e.g. reduced mineral 
N availability (Table 9.1)), positive (e.g. increased soil pH (Table 9.2)), or biochar has no 
effect (e.g. soil water retention curves after biochar addition to loam soil (Chapter 5)). The 
field trial results showed that in the longer term, biochar does hardly affect soil quality. It 
was hypothesized that biochar would increase plant available water capacity during dry 
periods, but this was not the case. However, it has to be noted that in our field trial, only 
one biochar type, one biochar dose, and one soil type was used, and the results are 
relatively short-term.  
Biochar has been said to increase fertilizer use efficiency and reduce nitrate leaching. In 
this way, less fertilizer input would be needed and water quality could be increased. Our 
results do not support these hypotheses. During exposure in soil, biochar particles would 
be chemically altered due to surface oxidation and interactions with non-biochar materials, 
resulting in a higher CEC (Liang et al., 2006). Possibly, the biochars used in our study had 
not been sufficiently weathered to increase soil CEC. 
 
9.4 Does biochar have a future in Flanders? 
Despite not improving soil quality to a large extent, our results show possibilities for 
biochar as a climate change mitigation tool, as we observed short-term reduction in soil 
N2O and NO emission upon biochar application, and as biochar labile C fractions are low, 
especially from the woody biochar types. Furthermore, soil C:N ratio in the biochar 
treatment was not changed 22 months after biochar application in the field trial, indicating 
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the carbon sequestration potential of biochar. However, as it is uncertain whether biochar 
does improve soil quality to a large extent and whether biochar would be included in a 
carbon market system, it is uncertain that pure biochar addition has a future in Flanders. 
However, again it needs to be stressed that this thesis contains relatively short-term effects 
and only a limited number of biochar-soil types was tested. In the longer term, biochar 
properties change due to for example increased surface oxidation, possibly resulting in a 
changing effect on soil and crop. However, these long-term agronomic effects need to be 
understood before biochar could be applied on a larger scale. 
Even in case farmers would like to apply biochar to arable land in Flanders (Belgium), 
legal constraints applying to biochar need to be taken into account. For instance, it is 
unclear whether biochar would receive the status of ‘waste’, ‘byproduct’ or ‘end of waste’. 
This has important consequences regarding legislation. When biochar would be classified 
as ‘waste’, biochar would have to comply with all legal regulations regarding waste and 
the arising constraints. Qualifying the status of biochar as ‘byproduct’ or ‘end of waste’ 
would not be without constraints neither, as biochar should comply with REACH 
(Registration, Evaluation, Authorisation & restriction of Chemicals) regulation. 
Furthermore, legislation regarding sustainability criteria for biomass and the use of 
fertilizers could be applicable to biochar (Van Laer et al., 2013). Van Laer et al. (2013) 
conclude that several policies and legislative measures have to be analyzed and taken into 
account before a biochar industry could be successfully developed in Flanders. 
Biochar is referred to close the cycle of a carbon-negative bio-based economy (Figure 9.1), 
which relies on sustainable, plant-derived resources for fuels, chemicals, materials, food 
and feed. Thus not only energy, but also materials would be derived from renewable 
resources. Plants use solar energy to convert carbon dioxide into biomass, mainly plant cell 
walls with cellulose as most abundant polymer. This polymer is enzymatically converted to 
glucose monomers, which are used as carbon source by microorganisms to produce 
chemical compounds, among which bioethanol. Waste streams are minimized or 
concentrated to feed anaerobic digesters for the production of biogas that can be integrated 
in the system. Rest fractions are converted into added value compounds, energy, or biochar 
by pyrolysis. Through applying the biochar produced to soil as a soil improving agent, the 
cycle of a carbon-negative (as atmospheric carbon is sequestered)) bio-based economy can 
be closed (Vanholme et al., 2013). However, when biochar would not increase crop 
productivity and as a legislative biochar framework is not yet available, it is uncertain 
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whether it is possible to close the cycle of a carbon-negative bio-based economy through 
applying biochar to soil. 
 
Figure 9.1 Recycling of energy and nutrients within the carbon-negative bio-based economy 
(Source: Vanholme et al. 2013) 
 
Biochar is often compared to compost, as also compost is applied to soil in order to 
improve soil quality and to close a cycle in which biomass waste can be recycled. Biochar 
is even carbon-richer than compost, but generally has a low nutrient content, although this 
also depends on the feedstock used. However, Terra Preta soils were most likely formed 
by mixing charred residues with biogenic waste from human settlements, which resulted in 
a biochar-compost-like substrate. Co-composting of biochar and fresh organic material 
would have a number of benefits compared to the application of either biochar or compost 
to the soil, among which enhanced nutrient use efficiency and biological activation of 
biochar (Fischer and Glaser, 2012). Not only biochar characteristics are affected by mixing 
compost with biochar, also the compost is affected by biochar. According to Dias et al. 
(2010), the use of biochar as bulking agent for the composting of poultry manure allows to 
optimize the composting process by reducing odor emissions and the losses of N as well as 
producing mature composts with a balanced nutrient composition. Biochar can be used as a 
feedstock in the composting process, but could also be mixed with mature compost. 
Vandecasteele et al. (2013) observed that in this way, the amount of easily available P in 
chicken manure compost can be reduced, through which the water-extractable P prone to 
leaching is reduced.  
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Johannes Lehmann, a Cornell University soil scientist who was among the first researchers 
to (re)discover ancient biochar deposits, recently said that ‘biochar may not save the world, 
but that even if it turns out that it is appropriate only for a certain segment of farmers, it 
still justifies the effort that we are putting in it’. Furthermore, according to Lehmann, 
biochar should be considered as a tool in the farm toolbox, alongside composts, fertilizers, 
crop residues and mulches (Maddox, 2013). Possibly Flemish agricultural soils are too 
fertile to respond to biochar addition to soil, despite the low organic content of for example 
our biochar field trial (< 1% OC), and weather conditions are currently not limiting. 
However, due to climate change, the latter could change in the future. 
. 
9.5 Perspectives for further research 
Before biochar can be recommended for large scale application, many issues need to be 
solved regarding biomass feedstock for biochar production, biochar production technology 
and biochar application to soil, and related environmental, social and economic 
consequences. Downie et al. (2012) give an overview of these issues. However, in this 
section, we will focus on perspectives for further research regarding the use of biochar for 
increased agronomic efficiency. Generally more understanding of biochar effects is 
needed, both in the short and longer term. Ideally, biochar properties should be related to 
crop response in the field, but this would obviously be a huge challenge. However, through 
combining process-based and agronomic experiments, more insight could be obtained into 
why (specific) biochar (types) has a certain effect on crop properties. 
This thesis work provides a good basis for future biochar research. Biochar effects on plant 
and soil were studied and it was tried to understand the mechanisms behind the observed 
biochar effects. However, the results from this research indicate several unresolved issues. 
An important question to answer is: why does biochar reduce mineral N availability? Until 
today, many hypotheses have been put forward, but direct evidence for the main 
mechanism(s) is still elusive. More research regarding the chemical and especially physical 
sorption capacities of biochar could be conducted, both in the short and longer term. 
Biochar generally has a high pH, but as shown, this is not automatically reflected into an 
increased bulk soil pH. However, this does probably not exclude processes to occur in high 
pH micro-sites close to biochar particles. The effect of biochar on these processes, 
especially gaseous N losses, deserves further investigation. Furthermore, more research 
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regarding the effect of biochar on soil microbial community structure and macrofauna is 
needed. It is often hypothesized that biochar changes soil microbial community structure, 
but the size and duration of this change needs to be elucidated. Field trial results are 
needed to investigate the effect of biochar in the long term. For this reason, the ILVO 
biochar field trial needs to be continued in the future, in which at least soil chemical 
properties, soil water content and plant growth measurements need to performed. In order 
to obtain more significant differences in soil water content between the biochar and control 
treatment, more sensors would have to be installed, as shown in Chapter 8.  
Furthermore, in this thesis, only a limited number of biochar types was tested, and biochar 
was produced from non-waste materials, although it is recommended to use waste 
materials for biochar production. As biochar properties will change depending on the 
feedstock used, and as likely the effect on soil and crop will change, future research should 
focus on biochar types produced from waste materials. 
This thesis work contains evidence for the climate change mitigation potential of biochar, 
as soil N2O and NO emissions were generally reduced after application of various biochar 
types, and labile C fractions of biochar were low, indicating the C sequestration potential 
of biochar. However, it is uncertain whether the same N2O and NO emission reducing 
effect would have been obtained under field circumstances, where fertilizer application 
would be less compared to the high dose of N applied in the incubation experiment (200 kg 
N ha
-1
, which corresponds to 51 mg N kg
-1
). Future research should focus on testing 
mechanisms that could be responsible for soil greenhouse gas emission reductions after 
biochar application. Furthermore, long-term effects of biochar on soil greenhouse gas 
emissions need to be known in order to verify the positive short-term effects observed in 
our thesis. 
To end with, a recommendation for future research is to focus on biochar-compost 
mixtures, as co-composting would have benefits for both biochar and compost: biochar 
could become more reactive, while nutrient losses from compost are reduced. Furthermore, 
nutrient use efficiency could be enhanced. This could then positively affect crop growth. 
For example, Schulz et al. (2013) concluded that composted biochar addition to sandy and 
loamy soil substrates resulted in increased plant growth, and that soil fertility and plant 
growth were higher at higher composted biochar doses. 
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Appendix 
 
Table A1: Model development for the control treatment in the 2011 experiment. The final model 
set-up is indicated in gray. 
 
 
 
 
Table A2: Model development for the biochar treatment in the 2011 experiment. The final model 
set-up is indicated in gray. 
 
 
 
 
AIC MNrec INH4-Nrec MNlab INH4-Nlab ONrec INO3 ONH4 DNO3 ANH4 DNH4a ANO3 DNO3a
710 x x x x
380 x x x x x x
462 x x x x x x
375 x x x x x
383 x x x x x x x
379 x x x x x x
386 x x x x x x x
386 x x x x x x x x
452 x x x x x x x
390 x x x x x
380 x x x x x
387 x x x x
320 x x x x x x
389 x x x x x x
321 x x x x x x x
316 x x x x x
314 x x x x x x
319 x x x x x x x
316 x x x x x x x
317 x x x x x x x
317 x x x x x x x
314 x x x x x x
AIC MNrec INH4-Nrec MNlab INH4-Nlab ONrec INO3 ONH4 DNO3 ANH4 DNH4a ANO3 DNO3a
212 x x x x x x
274 x x x x x
216 x x x x x x
217 x x x x x x x x
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Table A3: Model development for the control treatment in the 2012 experiment. The final model 
set-up is indicated in gray. 
 
 
 
 
 
 
Table A4: Model development for the biochar treatment in the 2012 experiment. The final model 
set-up is indicated in gray. 
 
 
 
 
 
AIC MNrec INH4-Nrec MNlab INH4-Nlab ONrec INO3 ONH4 DNO3 ANH4 DNH4a ANO3 DNO3a
255 x x x x
259 x x x x x
257 x x x x x
257 x x x x x
237 x x x x x
224 x x x x x x
235 x x x x x x x
229 x x x x x x
197 x x x x x x
199 x x x x x x x
199 x x x x x x x
274 x x x x x x
263 x x x x x
278 x x x x x x
276 x x x x x
1181 x x x x x
AIC MNrec INH4-Nrec MNlab INH4-Nlab ONrec INO3 ONH4 DNO3 ANH4 DNH4a ANO3 DNO3a
1867 x x x x x x
11373 x x x x
10512 x x x x x x x
2450 x x x x x
12000 x x x x x x
4670 x x x x x x
4227 x x x x x x x
4047 x x x x x x x x
4114 x x x x x
3536 x x x x x x
1871 x x x x x x x
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